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Abstract
Omakere Ridge is an anticlinal thrust ridge in water depths of 1100–1700 m on the
Hikurangi Margin, east of the North Island of New Zealand, and is an area of ac-
tive seafloor methane seepage associated with an extensive gas hydrate province.
Methane seep sites on the Hikurangi Margin are characterised by localised build-
ups of authigenic carbonate and chemosynthetic seep fauna that exist on a seafloor
otherwise characterised by soft, muddy sediments and provide a unique win-
dow into the workings of the gas hydrate system. Seafloor methane seeps sites
on Omakere Ridge have been successfully imaged using three newly-acquired
acoustic datasets: a P-CableTM high-resolution 3D seismic reflection dataset (60
Hz); a multibeam sonar backscatter dataset (12 kHz); and a ParasoundTM sub-
bottom profiler dataset (4 kHz).
Seafloor seismic amplitude and similarity maps have been derived from a
preliminary shipboard post-stack migrated data cube. A pronounced acquisi-
tion artifact is manifest in the seafloor horizon slice as high- and low-amplitude
stripes that alternate periodically in the crossline direction. This artifact has been
removed from the seafloor horizon slice using 2D spatial frequency filtering, fol-
lowed by direct sampling and stochastic removal of the very-low-frequency com-
ponents in the spatial domain. The seismic amplitude map has then been trans-
formed into a calibrated seafloor reflection coefficient map. Sonar backscatter mo-
saics have been created after correcting for beam pattern effects and angular vari-
ation in backscatter after taking into account the bathymetry. Several backscatter
mosaics were incorporated into a stacked mosaic over the study area to attenuate
random noise. The ParasoundTM sub-bottom profiler data were processed to dis-
play instantaneous amplitude and separated into 43 lines over the study area.
Comparison of 3D seismic attributes, multibeam backscatter intensity and
shallow subsurface reflection characteristics provides new insights into the pre-
viously unknown extent of authigenic carbonate build-ups, methane migration
pathways and seep initiation mechanisms at five seep sites on Omakere Ridge.
Areas of high seafloor 3D seismic reflection coefficient and high multibeam backscat-
ter intensity are interpreted as carbonate formations of at least 6–7 m thickness,
while areas exhibiting low seismic reflection coefficient and moderate/high sonar
backscatter intensity are interpreted as areas where the carbonates are less devel-
oped. Anomalous high-amplitude subsurface reflections beneath the seeps in the
ParasoundTM data are interpreted as buried carbonates and may indicate a pre-
viously unknown earlier phase of seepage at Omakere Ridge, but could also be
caused by gas or gas hydrates. The extent of authigenic carbonates is directly
related to the duration of seepage and thus provides a new proxy for the chronol-
ogy of seepage at Omakere Ridge, which has proved consistent with an existing
hypothesis based on the abundance of deceased and live chemosynthetic fauna
at the seep sites.
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Chapter 1
Introduction
1.1 Motivation and objectives
Seafloor methane seep sites occur globally on both passive and active tectonic
margins in water depths ranging from tens of metres to abyssal depths. They can
be related to conventional thermogenic hydrocarbon accumulations, microbially-
generated gas, and gas hydrates, an unconventional hydrocarbon source (Judd
and Hovland, 2007). Conventional thermogenic hydrocarbon accumulations con-
stitute the majority of global energy production and gas hydrates could be devel-
oped in the future to contribute to global energy production (Boswell, 2009; Collett
et al., 2009). This makes methane seep sites an important topic of research from a
petroleum geoscience perspective.
On the Hikurangi Margin, New Zealand, many methane seep sites have been
discovered over the last two decades (Lewis and Marshall, 1996; Bialas et al., 2007;
Bialas, 2011) (Figure 1.1). These seep sites are related to a large gas hydrate
province that stretches along the margin from –42.5◦S to –38.5◦S and across the
margin from 500–600 m water depth eastward, terminating at the Hikurangi
Trough (Pecher and Henrys, 2003; Barnes et al., 2010; Greinert et al., 2010) (Figure
1.1). A common occurrence at methane seep sites globally, including at Hiku-
rangi Margin seeps, is the presence of authigenic carbonate rock structures on the
seafloor and in the shallow subsurface (Campbell, 2006). These carbonates form
as a direct result of methane seepage and are therefore a useful indicator of past
and present seafloor methane seepage (Campbell, 2006).
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Recognising and characterising seafloor methane seep sites and better under-
standing how they are related to subsurface fluid migration pathways are im-
portant steps in determining the likely distributions of gas and gas hydrates in
the subsurface (Roberts et al., 2006). This study investigates five methane seep
sites on Omakere Ridge, Hikurangi Margin (for location see Figure 1.1), with the
following goals:
• to determine the extent of authigenic carbonate build-ups at the seep sites;
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• to determine the distribution of gas in shallow sediments at the seep sites;
• to identify the shallow subsurface migration pathways of methane to the
seep sites;
• to determine the relative ages of the seep sites;
• and to determine seep initiation mechanisms.
1.2 Overview
The data presented in this thesis were collected during the RV Sonne cruise SO-
214 in March 2011 (Bialas, 2011). The cruise was led by the German marine re-
search institute IFM-GEOMAR and was a collaborative expedition, involving
BGR (Germany), NIOZ (Netherlands) and GNS Science (New Zealand). A pri-
mary goal of this cruise was to image the subsurface migration pathways of
methane to seafloor methane seep sites at several locations along the Hikurangi
Margin, including those on Omakere Ridge offshore Hawkes Bay.
Three acoustic datasets of different source frequencies were collected simul-
taneously from Omakere Ridge. A high-resolution P-CableTM 3D seismic re-
flection dataset was acquired with a source frequency of 60 Hz; a Kongsberg
EM120TM multibeam sonar system was used to acquire bathymetry and backscat-
ter data with a source frequency of 12 kHz; and a ParasoundTM sub-bottom pro-
filer dataset was collected with a source frequency of 4 kHz (Bialas, 2011). Due
to their different frequencies and source signal characteristics, each dataset was
sensitive to seafloor and sub-seafloor features of different vertical and horizontal
scales. Comparison of these three datasets should thus provide new insights into
several aspects of the seep sites on Omakere Ridge, including the thicknesses and
distribution of authigenic carbonates, relative ages of the seeps, and gas distribu-
tion and methane migration pathways to the seeps.
The SO-214 3D seismic survey covered a rectangular region approximately
6.25 km long and 1.625 km wide, oriented with the long axis in a NW–SE direc-
tion, perpendicular to the strike of the ridge (Figure 1.1). This rectangular area
includes six separate seep sites: Kea, Kaka, Kakapo, Bear’s Paw, Moa Reef and
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Figure 1.1: Omakere Ridge study area overview map showing seep site locations
and 3D seismic survey area. The 3D seismic survey area defines the area of focus
of this study. Minor contour interval is 2 m. Refer to Figure 1.1 for the location of
this study area in relation to New Zealand.
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Figure 1.2: A summary of the sonar backscatter and 3D seismic results from the
Omakere Ridge seafloor presented in this thesis: sonar backscatter intensity (top);
seismic reflection coefficient (middle); and seismic similarity (bottom). These
acoustic datasets are draped over 3D displays of the bathymetry of the 3D seismic
study area shown in Figure 1.1, looking NNE.
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Moa Seep. These seep sites were first discovered by Bialas et al. (2007) during
the RV Sonne cruise SO-191. As described above, the approach of this thesis is
to compare sonar backscatter, 3D seismic reflectivity and shallow sub-seafloor
ParasoundTM reflection characteristics. Therefore the study area is defined by the
3D seismic survey region. For this reason, the sonar backscatter and ParasoundTM
reflection analyses have been restricted to the rectangular region covered by the
3D seismic survey. It should be noted that the southwestern extent of the Moa
Seep is not covered by the 3D seismic survey and has therefore been excluded
from analysis in this thesis. The seismic survey area lies in water depths rang-
ing from 1060 to 1260 m, with gently-sloping seafloor morphology dominated by
two northeast-striking ridges separated by a trough, which marks the trace of an
active thrust fault (Barnes et al., 2010). A prominent ridge-parallel normal fault
scarp can be seen in the bathymetry on the higher, southwestern ridge. The seep
sites appear as localised elevated regions (2–4 m) in bathymetry data and cluster
on the northwestern flanks of the two ridges in the study area (Figure 1.1). Fig-
ure 1.2 provides a preview of the results from the multibeam backscatter and 3D
seismic datasets.
1.3 Contribution of this thesis
This thesis will contribute to a wider collection of research into gas hydrates and
related phenomena in New Zealand. These studies have addressed topics such
as: the distribution of gas hydrates on the Hikurangi Margin (e.g. Katz, 1981;
Townend, 1997; Henrys et al., 2003; Pecher et al., 2011); the economic potential of
Hikurangi Margin gas hydrates (e.g. Pecher and Henrys, 2003); how gas hydrates
affect seafloor stability (e.g. Pecher et al., 2005); heat flow estimates based on gas
hydrate occurrence (e.g. Townend, 1997; Henrys et al., 2003); methane seep site oc-
currences and their relation to large-scale geological processes (Barnes et al., 2010;
Greinert et al., 2010; Jones et al., 2010); subsurface migration pathways to seep sites
(e.g. Barnes et al., 2010; Crutchley et al., 2010; Netzeband et al., 2010); authigenic car-
bonate build-ups at modern and fossil seep sites and what information they hold
about the history of seepage on the Hikurangi Margin (e.g. Campbell et al., 2010;
Jones et al., 2010; Nyman et al., 2010); Hikurangi Margin seep fauna (e.g. Baco et al.,
2010; Campbell et al., 2010; Jones et al., 2010); and methane concentrations in the
1.4. THESIS STRUCTURE 7
water column above seep sites (e.g. Faure et al., 2010).
This thesis has been completed in conjunction with research being conducted
by Andreia Plaza-Faverola at GNS Science. Plaza-Faverola’s post-doctoral re-
search will include reprocessing the Omakere Ridge 3D seismic dataset collected
during SO-214 and conducting a thorough analysis and interpretation of the sub-
surface. A focus of Plaza-Faverola’s research will be to understand how sub-
surface fluid migration is related to the seafloor methane seep sites at Omakere
Ridge.
The findings of this thesis on the distribution of authigenic carbonates, gas
distribution and migration pathways, relative ages of formation, and initiation
mechanisms for the Omakere Ridge seep sites will provide new insights into the
workings of the methane seep system at Omakere Ridge and contribute to many
of the research topics listed above. The 3D seismic inlines presented in this the-
sis in Chapter 3 and Chapter 6 have undergone shipboard processing only. The
interpretations drawn from them here should be considered preliminary and a
more thorough investigation will follow.
1.4 Thesis structure
The context, motivation and goals of this thesis have been presented in this intro-
duction. Chapter 2 provides important background information on the following
topics: methane seep sites; the application of the geophysical techniques applied
in this thesis to seep research; the geological setting of the Hikurangi Margin in-
cluding gas hydrate and methane seep site occurrence; and Omakere Ridge and
the seep sites investigated in this thesis. Chapters 3, 4 and 5 present the 3D seis-
mic, sonar backscatter and ParasoundTM data respectively, including descriptions
of acquisition and processing, and the presentation of results from each dataset.
Chapter 6 presents a summary of results from all three datasets for each seep site
and discusses the geological implications of the results. Finally, Chapter 7 sum-
marises the geological implications of this thesis in relation to the goals presented
in this introduction and proposes future research at Omakere Ridge to further in-
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vestigate the history of methane seepage on the Hikurangi Margin.
Chapter 2
Background
2.1 Seafloor hydrocarbon seep sites
2.1.1 Overview
Hydrocarbon seep sites have been observed globally in both active and passive
tectonic settings and in both terrestrial and marine environments (Judd and Hov-
land, 2007). Since this thesis addresses hydrocarbon seepage in the marine en-
vironment only, this section discusses seafloor hydrocarbon seepage only. Seep
hydrocarbons can be of either thermogenic or microbial origin and can range
from high-order liquid hydrocarbons to methane gas (Judd and Hovland, 2007).
Methane is the most common hydrocarbon in marine sediments and the most
important fluid in seafloor fluid flow (Judd and Hovland, 2007). A link between
gas hydrates and seafloor methane seepage has been observed in many locations
(Roberts et al., 2006; Bialas et al., 2007; Judd and Hovland, 2007). Migration of buoy-
ant hydrocarbons from reservoir to seafloor can be facilitated by both permeable
faults and permeable strata (Barnes et al., 2010; Crutchley et al., 2010). Gas can also
ascend through fine-grained low-permeability formations through the propaga-
tion of fractures and voids. This results in the vertical migration of gas and the
formation of ’gas chimneys’ (Judd and Hovland, 2007).
Hydrocarbon seepage at the seafloor results in a variety of seafloor features
including authigenic carbonate build-ups of various morphologies, pockmarks
and mud volcanoes with associated mudflows (Judd and Hovland, 2007). Diverse
9
10 CHAPTER 2. BACKGROUND
chemosynthetic faunal communities, often endemic, thrive on the seafloor and
in the shallow subsurface at seafloor hydrocarbon seep sites (Judd and Hovland,
2007). The seafloor features and chemosynthetic communities that form at a par-
ticular seep site appear closely related to the fluid flux (Roberts et al., 2006; Camp-
bell et al., 2010) and to the origin and nature of the fluids (Judd and Hovland, 2007).
The following sections summarise important phenomena related to seafloor
hydrocarbon seepage, with a particular focus on gas migration, gas hydrates and
authigenic carbonates, which are each particularly relevant to this thesis.
2.1.2 Gas source and migration
The hydrocarbon fluids expelled at seafloor seep sites can be the result of either
thermogenic or biogenic degradation of organic matter buried in sediments (Judd
and Hovland, 2007). Thermogenic hydrocarbons are generated and expelled from
organic-rich source rocks buried to depths where the temperature is above ap-
proximately 60◦C (Tissot and Welte, 1978). Biogenic methane is formed through
the degradation of organic matter by microbes in shallower sediments (Whiticar
et al., 1986). Hydrocarbons are buoyant with respect to pore water and therefore
migrate upwards in the subsurface along whatever permeable conduits they can
find, including faults, fracture networks and permeable strata (Judd and Hovland,
2007; Barnes et al., 2010; Crutchley et al., 2010; Plaza-Faverola et al., 2011). Where
the upward migration of hydrocarbons is impeded by a permeability bound-
ary, such as a low-permeability sealing lithology, hydrocarbon accumulations can
form (Tissot and Welte, 1978). Seep fluids can also originate from the dissociation
of gas hydrates (described in the next sections) (e.g. Greinert et al., 2001; Campbell
et al., 2010).
2.1.3 Gas hydrates
Gas hydrates are naturally occurring solids that consist of a rigid lattice of hydrogen-
bonded water molecule cages, with each cage containing a molecule of natural
gas, predominantly methane (Kvenvolden, 1993). Gas hydrates form under con-
ditions of suitably high pressure and low temperature given an adequate supply
of gas and water (Sloan, 1998) (Figure 2.1). They are common in marine sed-
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iments on continental margins, where the conditions required for hydrate for-
mation are commonly present (Kvenvolden, 1993) and are widespread around the
world (Kvenvolden et al., 1993). Gas hydrates typically form when the water depth
exceeds 300–500 m. However, the exact minimum water depth for hydrate for-
mation depends on the water temperature and salinity. Due to the geothermal
gradient, increasing temperature overcomes the counteracting effect of increas-
ing pressure on hydrate stability at a particular depth, below which gas hydrates
cannot form (Sloan, 1998). As a result, gas hydrates are often underlain by gas-
saturated sediments (e.g. Bangs et al., 1993; Kvenvolden et al., 1993). The depth to
the base of the gas hydrate stability zone is controlled by the water depth, water
temperature, geothermal gradient, sediment density profile and salinity (Sloan,
1998).
Figure 2.1: Gas hydrate phase diagram for a typical marine setting. The geother-
mal gradient determines how far beneath the seafloor the base of gas hydrate sta-
bility occurs. Free gas often exists below the base of gas hydrate stability. Phase
boundary after Sloan (1998) and gas composition from Pecher et al. (2005), with
arbitrary geothermal gradient of 40◦C/km.
As a consequence of the pressure and temperature conditions required for gas
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hydrate formation, the base of gas hydrate stability roughly mimics the shape of
the seafloor (Sloan, 1998). Because of the negative acoustic impedance contrast
from high acoustic impedance hydrates above to free gas in the sediments below,
the base of gas hydrate stability causes a distinctive negative-polarity reflection
in seismic data that mimics the shape of the seafloor (Kvenvolden, 1993; Kvenvolden
et al., 1993; Sloan, 1998). Such a reflection is known as a ’bottom simulating reflec-
tion’ (BSR) and is considered a strong indicator for the presence of gas hydrates
(e.g. Katz, 1981; Kvenvolden, 1993; Pecher and Henrys, 2003). Acoustic impedance
and reflection polarity are explained in Section 2.2.
Methane seep sites in water depths deep enough to facilitate gas hydrate for-
mation are often associated with gas hydrates in the shallow subsurface and oc-
casionally on the seafloor (e.g. Greinert et al., 2001; Roberts et al., 2006; Bialas et al.,
2007; Greinert et al., 2010; Bialas, 2011), as gas hydrate formation and seafloor
fluid expulsion are related to the same fluid migration processes (Judd and Hov-
land, 2007). Gas hydrates are particularly abundant in the shallow subsurface and
on the seafloor at sites where fluid-gas delivery to the seafloor is neither too low,
nor too high. At such moderate-flux sites, chemosynthetic faunal communities
are also particularly dense, suggesting that gas hydrates are an important trophic
resource to these communities (Roberts et al., 2006).
2.1.4 Seep carbonates
Methane-derived authigenic carbonate (MDAC) is a common feature at methane
seep sites globally, both in the fossil record and on the modern seafloor (Campbell,
2006). MDAC deposits of different mineralogies can occur on the seafloor and in
the shallow subsurface as: slabs; crusts; lumps; breccias; cemented shell hashes;
individual nodules or bands of nodules in sediment horizons; structures with
large pore spaces that once contained gas hydrates; and chimney structures (e.g.
Greinert et al., 2001; Campbell, 2006; Judd and Hovland, 2007; Campbell et al., 2010).
These deposits can occur in various sizes and generally comprise normal seafloor
sediment cemented with precipitated carbonate minerals, with a carbonate mass
percentage anywhere between 0% and 100% (Campbell, 2006).
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MDAC can form at seep sites as a result of the anaerobic oxidation of methane
(AOM) in the sulfate-reducing zone in the shallow subsurface, or as a result of
methanogenisis in the methanogenic zone, which lies below the sulfate-reducing
zone (Greinert et al., 2001; Campbell, 2006). The depth to the base of the sulfate-
reducing zone is typically on the scale of metres or tens of metres and can be
displaced upwards by vertically migrating fluids (Mazzullo, 2000; Campbell, 2006;
Paull and Ussler III, 2008). The precipitation of carbonate minerals through AOM
is enabled by microbes, which utilise sulfates in the sulfate-reducing zone to
anaerobically oxidise methane, producing bicarbonate:
SO2−4 + CH4 → H2O +HS− +HCO−3 (2.1)
The production of bicarbonate increases the pore water alkalinity, which favours
the precipitation of authigenic carbonate by the following reaction:
2HCO−3 + Ca
2+ → CaCO3 + CO2 +H2O (2.2)
(Naehr et al., 2007).
The mineralogy and stable carbon and oxygen isotope compositions of au-
thigenic carbonates depend on a number of factors, including temperature, de-
gree of carbonate supersaturation, the concentration of calcium and magnesium
and the concentration of sulfates (Naehr et al., 2007). Many of these factors are
controlled by where the carbonate forms in relation to the sulfate-reducing and
methanogenic zones (Greinert et al., 2001; Campbell, 2006; Bayon et al., 2009). Seep
carbonates that form within the sulfate-reducing zone in the shallow subsurface
tend to be primarily aragonite, with strongly-depleted 13C owing to the anaer-
obic oxidation of isotopically-light biogenic or thermogenic methane (Greinert
et al., 2001; Campbell, 2006). Closer to the bottom of the sulfate-reducing zone
and in the methanogenic zone below, an increasing proportion of magnesium is
incorporated into the carbonate over calcium, resulting in the formation of low-
magnesium and high-magnesium calcite near the base of the sulfate-reducing
zone and high-magnesium calcite and dolomite in the methanogenic zone (Grein-
ert et al., 2001; Bayon et al., 2009). Seep carbonates with higher magnesium concen-
trations tend to be more enriched in 13C than the aragonitic carbonates, typical of
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methane produced in the methanogenic zone through methanogenisis (Greinert
et al., 2001). The 18O composition of seep carbonates can be used as an indicator
for the source of the seep fluids (e.g. Greinert et al., 2001; Campbell et al., 2010).
A relationship between fluid flux and carbonate precipitation has been pro-
posed from empirical evidence on the Gulf of Mexico: Roberts et al. (2006) ob-
served larger build-ups of authigenic carbonate associated with slow methane
seepage and only small nodular carbonate precipitations in the mudflows on the
flanks of mud volcanoes, which are associated with rapid fluid expulsion. It has
also been proposed by several studies that MDAC precipitation can reduce the
methane flow to, or even seal-off previously-active seeps by clogging previously-
permeable pore space (e.g. Sager et al., 2003; Bayon et al., 2009). Both newly-active
sites and sites with high methane flux at the present day seafloor might there-
fore be expected to be associated with less-extensive carbonate build-ups. Judd
and Hovland (2007) proposed three stages of seepage related to the formation of
MDAC deposits and seep sealing. In Stage 1, the seep is new and gas escapes into
the water column through small vents in the seabed. In stage 2, microbial mats
form in the shallow subsurface, below which gas accumulates in the sediments
and occasionally seeps through holes in the mats. In Stage 3, MDAC structures
form, where no seafloor gas bubbling is evident. In this stage, gas migrates to the
lower part of the MDAC structures in the shallow subsurface, where carbonate
cements continue to be formed. The sealing of the original seepage location by
the build-up of microbial mats and carbonates in stages 2 and 3 has been hypoth-
esised to cause the gas to migrate into the adjacent sediments (Judd and Hovland,
2007). The presence of extensive authigenic carbonate structures at seep sites is
therefore indicative of long-term methane seepage.
Carbonates of various ages, mineralogies and stable carbon and oxygen iso-
tope compositions often coexist on the seafloor at individual seepage sites, which
points towards a complex history of carbonate precipitation, uplift and erosion
(e.g. Campbell et al., 2010). For example, where dolomites are exposed on the
seafloor, it is likely that these carbonates have been exhumed from depth, since
the conditions necessary for their formation are only present deeper in the subsur-
face (Greinert et al., 2001; Campbell, 2006). Continual seepage in the same area dur-
ing and after such exhumation can lead to later-stage aragonite structures form-
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ing very close to the seafloor in close association with the exposed dolomites (e.g.
Campbell et al., 2010). The exact relationship between carbonates on the seafloor
and their depth of formation is controlled by the history of sedimentation and
erosion at seep locations (Paull and Ussler III, 2008).
2.1.5 Other seep-related seafloor features
Pockmarks
Pockmarks are shallow depressions on the seafloor that generally form in soft,
fine-grained sediments. They occur in every sea and ocean and some lakes at all
water depths (e.g. Davy, 1992; Hovland et al., 2005; Judd and Hovland, 2007). They
are typically several tens of metres in diameter and several metres deep (Judd and
Hovland, 2007), but can exist on a large range of scales, up to several kilometres in
diameter (e.g. Davy et al., 2010). In some regions, pockmarks occupy a large pro-
portion of the seafloor area, while in other regions only a few isolated pockmarks
exist (Judd and Hovland, 2007). The truncation of reflections from sediment layers
against pockmarks observed on seismic sections demonstrates that pockmarks
are erosive features, related to the weakening of sediment layers by ascending
gas or other fluids in areas where the seafloor is stable and not affected by large-
scale active erosion or deposition (Judd and Hovland, 2007). Gas pressure builds in
a shallow porous layer below an impermeable sealing lithology. The build-up of
pore pressure results in seafloor doming and eventually the yielding of seafloor
sediments. The pressurised fluid erupts, ejecting gas, water and sediment into
the water column and forming a depression in the seafloor (Judd and Hovland,
2007).
Mud volcanoes
Mud volcanoes are positive-relief features comprised of mud and other sedi-
ments, which vent liquid mud, including water, oil, gas and solid sediments (Judd
and Hovland, 2007). They range in diameter from a few centimetres to over 1 km,
and can be tens or hundreds of metres high (Judd and Hovland, 2007). They occur
in many parts of the world, in both terrestrial and marine environments, from
shallow waters to continental slope depths (Milkov, 2000; Judd and Hovland, 2007).
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Mud volcanoes form in subsiding basins, in deltas and deep-water fans and
in accretionary wedges, where rapid sedimentation is common (Judd and Hov-
land, 2007). Mud volcanoes are also commonly associated with some form of
lateral tectonic compression (Milkov, 2000; Judd and Hovland, 2007). In thick sedi-
mentary basins, low-permeability muddy sediments prevent the escape of fluids
during compaction, leading to high pore fluid pressures and under-compaction
of deep sediments (Milkov, 2000; Judd and Hovland, 2007). Density inversions can
occur between under-compacted layers and overlying sediments, which can trig-
ger buoyant diapiric flow of the under-compacted sediment, often along faults
(Judd and Hovland, 2007). The presence of gas aids the diapiric flow of mud and
can result in the formation of a mud volcano at the seafloor. The activity of mud
volcanoes can range from continuous gentle emissions to discrete violent erup-
tions (Judd and Hovland, 2007).
2.2 Geophysical imaging of seep sites
2.2.1 Overview
Due to the presence of carbonate rock structures, gas, and gas hydrates in near-
seafloor sediments, seafloor methane seep sites often cause geophysical anoma-
lies. The particular characteristics of the geophysical response can be indicative of
the amount of carbonate build up at the seep site, the fluid flux, and the likely dis-
tribution of gas hydrates at and below the seep (e.g. MacDonald et al., 2003; Roberts
et al., 2006; Jones et al., 2010). The following sub-sections provide a summary of
the applications of seafloor sonar backscatter, seafloor 3D seismic reflectivity, and
subsurface acoustic reflection imaging to seep site imaging and characterisation.
These three methods are each applied in this thesis, where the focus is on the
seafloor and the shallow sub-surface (to 100 m below the seafloor).
2.2.2 Sonar backscatter from the seafloor
Sonar backscatter intensity from the seafloor is increased by both the roughness
and acoustic impedance of the seafloor, and shallow subsurface heterogeneities
(down to several centimetres depth) (Lurton, 2002). Acoustic impedance is equal
to the product of seismic velocity and density. A detailed review of sonar backscat-
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ter theory and its application to seafloor imaging is presented in Chapter 4. Be-
cause the authigenic carbonate rock structures at seep sites are often irregular
and rough in morphology, and have high acoustic impedances relative to the
surrounding seafloor, seep sites are commonly characterised by high backscat-
ter intensity in sonar data. In many locations, seafloor methane seep sites have
been found to be characterised by regions of elevated sonar backscatter inten-
sity, using both deep-towed sidescan sonars and hull-mounted multibeam sonar
systems (e.g. Sager et al., 2003; Greinert et al., 2010; Jones et al., 2010).
2.2.3 3D seismic reflectivity of the seafloor
3D seismic reflection amplitude of the seafloor is determined by the acoustic
impedance of the seafloor and the source signal strength: a high acoustic impedance
contrast results in a high-amplitude reflection (discussed in detail in Chapter 3).
Carbonate rock structures on the seafloor and in the shallow subsurface (high
acoustic impedance) and the presence of gas in the shallow subsurface (low acous-
tic impedance) can cause distinctive seismic amplitude responses at seep sites
(e.g. Roberts et al., 2006).
Several studies of seep sites in the Gulf of Mexico that combined direct seafloor
observations and sampling with seismic surveying found that methane seep sites
often exhibit anomalous seismic reflectivity (MacDonald et al., 2003; Sager et al.,
2003; Roberts et al., 2006). The particular characteristics of seafloor seismic re-
flectivity anomalies at seep sites are related to fluid flux, the distribution and
nature of carbonates and the distribution of gas hydrates at and below the seep
site (Roberts et al., 2006). For seeps in the Gulf of Mexico, the following relation-
ships were established: 1) slow seepage was associated with extensive build-ups
of authigenic carbonate, the presence of subsurface gas hydrates and broad ar-
eas of high seismic reflectivity; 2) moderate seepage was associated with dense
chemosynthetic faunal communities, localised areas of authigenic carbonate struc-
tures, gas hydrates on the seafloor and in the shallow subsurface and highly vari-
able seafloor reflectivity that is often fault-aligned and can exhibit phase rever-
sals; and 3) rapid fluid expulsion was associated with mud volcanoes with nodu-
lar carbonates in the associated mudflows, gas hydrates in the subsurface of the
volcano flanks and low seismic reflectivity in the expulsion centres with common
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phase reversals (Roberts et al., 2006). A phase reversal refers to when the seafloor
reflection is of negative polarity rather than the normal positive polarity, which
occurs when the acoustic impedance of the seafloor becomes lower than that of
water. This can be caused by high gas concentrations (Roberts et al., 2006).
2.2.4 Subsurface acoustic profiling
Acoustic methods used to image the subsurface rely on the principle that downward-
propagating waves are reflected back towards the receiver when they encounter
acoustic impedance contrasts (Sheriff and Geldart, 1995). At each acoustic impedance
contrast, a portion of the seismic energy is reflected back to the receiver and a
portion is transmitted deeper into the subsurface, where the process repeats at
the next acoustic impedance contrast (Sheriff and Geldart, 1995). The portion of
energy reflected depends on the acoustic impedance contrast. A high acoustic
impedance contrast results in a large portion of the acoustic energy being re-
flected and only a small portion being transmitted (Sheriff and Geldart, 1995). This
principle is true for all frequencies of subsurface acoustic reflection surveying,
from high-frequency sub-bottom profilers (4 kHz) to larger-scale multichannel
seismic surveying (tens of hertz).
Gas, gas hydrates and authigenic carbonate in the subsurface beneath seep
sites can cause anomalous acoustic reflection characteristics in the subsurface, as
they each have an effect on the acoustic impedance of the host lithology (Sheriff
and Geldart, 1995; Pecher et al., 2004; Crutchley et al., 2010). Sedimentary layers that
have been segmented and offset by faults are also commonly detectable in sub-
surface acoustic datasets, where distinct reflection horizons have been segmented
and offset (e.g. Barnes et al., 2010; Crutchley et al., 2010). Many studies worldwide
have documented columnar zones of chaotic reflections in multichannel seismic
data beneath seep sites, which are thought to be related to the vertical migration
of gas to the seep sites from deeper in the subsurface (e.g. Sager et al., 2003; Pecher
et al., 2004; Crutchley et al., 2010; Netzeband et al., 2010; Plaza-Faverola et al., 2011).
Complex fault networks have been seismically detected beneath seep sites and
are thought to play a crucial role in the migration of gas to seep sites (e.g. Barnes
et al., 2010; Crutchley et al., 2010). In high-frequency sub-bottom profiler data (4
kHz), seep sites are often underlain by zones of acoustic turbidity or blanking
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caused by the presence of gas in the sediments (e.g. Jones et al., 2010 Bialas, 2011).
2.3 Geological setting
2.3.1 Structure of the Hikurangi Margin
The Hikurangi subduction margin runs sub-parallel to the coastline of the eastern
North Island of New Zealand from 37◦S to 43◦S (Figure 2.2). Here, the Australian
and Pacific plates are undergoing oblique convergence at a rate of 40–45 mm/yr,
which is accommodated by subduction of the Pacific plate and deformation of
the overlying Australian plate (Barnes et al., 2010) (Figure 2.2). Subduction here is
thought to have initiated in the early Miocene (Rait et al., 1993; Field and Uruski,
1997; Kamp and Furlong, 2006). The igneous Hikurangi Plateau is currently being
subducted at the Hikurangi Trough, which has resulted in the formation of a shal-
low trench and a gently-dipping subduction thrust interface, with a dip of 3◦ to at
least 100 km depth (Davey et al., 1986; Wood and Davy, 1994; Barker et al., 2009). An
imbricated frontal wedge is built against a backstop of Mesozoic greywacke base-
ment to the west (Lewis and Pettinga, 1993). The frontal wedge extends offshore
from the onshore coastal ranges and is up to 150 km in width, with a ridge and
basin morphology in the offshore margin (Davey et al., 1986; Lewis and Pettinga,
1993; Barnes et al., 2010). Lewis and Pettinga (1993) proposed the wedge is com-
prised of the following three distinct components, all of which are undergoing
deformation:
• an inner foundation of highly-imbricated late Cretaceous and Paleogene
pre-subduction rocks;
• an outer wedge of late Cenozoic accreted trench-fill turbidites;
• a deforming cover sequence of Miocene to Recent shelf and slope basin sed-
iments;
The pre-subduction inner foundation of late Cretaceous and Paleogene rocks
are thought to have become highly imbricated after the initiation of subduction
along the Hikurangi Margin 25 Ma (Barnes et al., 2010). The accreted outer wedge
of Cenozoic trench-fill turbidites has been overthrust from the west by the front of
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the inner foundation rocks. The deforming cover sequence can reach up to several
kilometres in thickness in the slope basins of the upper margin and generally
thins seaward (Barnes et al., 2010).
2.3.2 Gas hydrates and hydrocarbon seepage
BSRs have been observed in seismic sections from slope depths along the entire
Hikurangi Margin, indicating widespread occurrence of gas hydrates in offshore
marine slope sediments (e.g. Katz, 1981; Townend, 1997; Henrys et al., 2003; Pecher
et al., 2004; Barnes et al., 2010) (Figure 2.2). The presence of gas hydrates on the
Hikurangi Margin has been confirmed by the recovery of gas hydrates in sedi-
ment cores (Bialas et al., 2007; Greinert et al., 2010). A recent study estimated the
Hikurangi Margin gas hydrate resource to be equivalent to around 800 trillion cu-
bic feet (tcf) of natural gas, sparking interest in developing Hikurangi Margin gas
hydrates as a natural resource (Pecher and Henrys, 2003). Of this total volume, 20
tcf is likely to be contained in highly concentrated zones of gas hydrate, termed
gas hydrate ’sweet spots’ (Pecher and Henrys, 2003).
Offshore methane seep sites occur in mid-slope depths of 700–1900 m on the
crests of thrust-faulted anticlinal ridges and are widespread along the Hikurangi
Margin, having been recognised in clusters at six separate areas along the margin
(Figure 2.2) (Lewis and Marshall, 1996; Bialas et al., 2007; Bialas, 2011). These six lo-
cations of seepage, from north to south, are known as Builder’s Pencil, Rock Gar-
den, Omakere Ridge, Porangahau Ridge, Uruti Ridge and Opouawe Bank (some-
times referred to as Wairarapa) (Bialas et al., 2007 Bialas, 2011) and are shown in
Figure 2.2. Beneath these seep areas, the BSR is commonly disturbed by the up-
ward migration of fluids (e.g. Barnes et al., 2010; Pecher et al., 2010). Fossilised seep
carbonates have been discovered in the onshore East Coast Basin, with the ear-
liest sites dating back to the early Miocene (Campbell et al., 2008), and other sites
dating from the late Miocene (Nyman et al., 2010), indicating that the methane
seep system has been active since the initiation of subduction along the Hiku-
rangi Margin.
The source rocks responsible for the fluids expelled at the seep sites and se-
questered in gas hydrates could include the Cretaceous and Paleogene sequences,
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Figure 2.2: North Island New Zealand bathymetry and geological setting. Shown
are the locations of all known seep sites offshore (red dots), Pacific Plate (PAC)
motion vector relative to Australian Plate (AUS) and the Hikurangi Trough and
deformation front. Seepage locations are numbered as follows: 1) Builder’s Pen-
cil; 2) Rock Garden; 3) Omakere Ridge; 4) Porangahau Ridge; 5) Uruti Ridge; and
6) Opouawe Bank (Wairarapa). The area enclosed by the rectangle is offshore
Hawkes Bay and includes Omakere Ridge. For a detailed map of this location,
see Figure 2.3. The yellow lines show the extent of all BSRs mapped on seismic
data (from Pecher et al., 2011), indicating the known extent of the Hikurangi Mar-
gin gas hydrate province.
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the innermost part of the accreted trench-fill turbidites and sediments subducted
beneath the inner foundation rocks and Mesozoic greywacke backstop (Barnes
et al., 2010). Carbon isotope compositions of methane expelled at the seep sites
have generally been consistent with a biogenic origin, but a thermogenic origin
could not be discounted in all cases (Faure et al., 2010).
The seep sites are located in close proximity to major thrust faults near the
eastward edge of the inner foundation rocks (Barnes et al., 2010). The low-permeability
imbricated inner foundation rocks appear to focus fluid flow along their outer
edge along major thrust faults and the interplate decollement (Barnes et al., 2010).
However, no seep sites have been identified where major thrust faults break-out
at the seafloor on the eastern flanks of the ridges. Rather, the seep fluids are sy-
phoned from the main thrust faults upwards into shallow extensional fault net-
works beneath the crests of the thrust-faulted anticlines, which feed the seep sites
(Barnes et al., 2010; Crutchley et al., 2010). These shallow fault networks appear to
be more permeable than the main thrust faults in the upper few hundred metres
of sediment.
2.3.3 Seep carbonates
Seep-related authigenic carbonates have been discovered at many of the seep
sites along the Hikurangi Margin, including seep sites at Rock Garden, Omakere
Ridge, Opouawe Bank, Uruti Ridge and Builder’s Pencil (Baco et al., 2010; Camp-
bell et al., 2010; Greinert et al., 2010; Jones et al., 2010). In fact, many of the seep sites
were discovered in part as a result of high-backscatter anomalies in sonar data
caused by the presence of authigenic carbonates on the seafloor (Greinert et al.,
2010; Jones et al., 2010). This thesis is the first study to investigate the subsurface
extent and distribution of authigenic carbonates at seep sites on the Hikurangi
Margin.
Carbonates of various mineralogies and stable carbon and oxygen isotope
compositions were recovered from the seafloor at many seep sites at Rock Gar-
den, Omakere Ridge, Opouawe Bank and Uruti Ridge by Campbell et al. (2010),
who collected both sediment box cores and carbonate grab samples from the
seafloor. The mineralogy of the recovered carbonates ranges from aragonite,
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through low- and high-magnesium calcite, to dolomite, with carbonates of all
mineralogies coexisting on the modern seafloor (Campbell et al., 2010). The physi-
cal nature of the carbonates is also highly varied, including shell content, size, sili-
ciclastic component and morphology (Campbell et al., 2010). In box cores, Campbell
et al. (2010) observed microcrystalline carbonate (micarb) cements in siliciclas-
tic silts and sands, with micarb development ranging from scattered nodules to
dense, coalesced nodular bands up to 15 cm thick. Seafloor grab samples in-
cluded both fresh and weathered samples (Campbell et al., 2010). Fresh samples
included: sandy micarbs with abundant attached or embedded shells; tubular mi-
carbs that represent fluid conduits; porous, fibrous layers cementing dead fauna;
and breccias of grey micarb intraclasts cemented with white fibrous carbonate
cement (Campbell et al., 2010). The weathered grab samples were micarb slabs
and blocks with an outer rind of dark reddish to brown iron and manganese
staining (Campbell et al., 2010). The box core samples and fresh carbonate grab
samples were found to be predominantly aragonite, with minor amounts of high-
magnesium calcite in the nodular carbonates in the box cores, whereas the weath-
ered carbonate slabs and blocks were found to be composed of microcrystalline
dolomite (Campbell et al., 2010).
Stable carbon isotope compositions indicated that the aragonite samples formed
through AOM in the sulfate-reducing zone, whereas the weathered dolomite
samples formed from an oxidised methane pool at greater depth, possibly near
the base of the sulfate-reducing zone (Campbell et al., 2010). Stable oxygen isotope
compositions of seep carbonates on the Hikurangi Margin indicated a range of
possible influences on the seep fluids, including gas hydrate formation and dis-
sociation and pore fluid freshening by clay mineral dehydration (Campbell et al.,
2010).
2.3.4 Seep fauna
The composition of seep fauna along the Hikurangi Margin at higher taxanomic
levels is typical of cold seep communities in other parts of the world (Baco et al.,
2010). The most commonly-observed symbiont-bearing taxa at Hikurangi Mar-
gin seeps include siboglinid tube worms, vesicomyid clams and bathymodiolin
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mussels (Lewis and Marshall, 1996; Baco et al., 2010). These taxa rely on symbi-
otic relationships with the microbes that perform chemosynthesis on the seep
fluids (i.e. those responsible for AOM as discussed above) (Baco et al., 2010). Si-
boglinid tube worms are predominantly of the Lamellibrachia species, while the
clams belong to the Calyptogena species (Lewis and Marshall, 1996; Baco et al., 2010).
Non-symbiont-bearing taxa encountered at seep sites include various species of
cold-water corals, which appear to colonise seafloor outcrops of authigenic car-
bonate after seepage has ceased (Baco et al., 2010; Jones et al., 2010; Liebetrau et al.,
2010). Campbell et al. (2010) observed recurring associations between different
seep fauna and authigenic carbonate type. Calyptogena species clam shells, which
are considered to be indicative of diffuse seepage, were often incorporated into
aragonitic carbonate bands (Campbell et al., 2010). Closer to active vent areas, fresh
aragonitic grab samples were associated with bathymodiolin mussels and tube
worms, characteristic of higher fluid fluxes (Campbell et al., 2010). The weathered
dolomite slabs and blocks discussed above were often associated with cold-water
corals (Campbell et al., 2010).
2.4 Omakere Ridge
2.4.1 Previous studies
Omakere Ridge is an anticlinal thrust ridge of approximately 500 m bathymet-
ric relief on the Hikurangi Margin, offshore Hawkes Bay, in water approximately
1100 m deep and is one of the six locations on the Hikurangi Margin, mentioned
above, where seafloor methane seepage has been observed (Bialas et al., 2007;
Greinert et al., 2010). The main active Omakere Ridge thrust fault breaks-out at
the seafloor at the toe of the steep eastern flank. A second active thrust fault
branches upwards to the west of the main thrust through the crest of the ridge,
where it forms a scarp of up to 100 m relief (Barnes et al., 2010). Deeper, inactive
thrust faults lie below the main Omakere Ridge thrust fault, the tips of which are
buried in sediments to the east of Omakere Ridge (Barnes et al., 2010). The ridge is
thought to be comprised of 700–800 m of Miocene to Recent slope sediments that
have been folded in the hanging wall of the major thrust faults, which overlie the
Cretaceous and Paleogene inner foundation rocks (Barnes et al., 2010). Omakere
Ridge is located one ridge to the west of the interface between the inner founda-
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tion rocks and the outer wedge of accreted late Cenozoic turbidites (Barnes et al.,
2010).
Prior to the RV Sonne cruise SO-214, six methane seep sites on Omakere Ridge
had been described by Lewis and Marshall (1996) and Jones et al. (2010): these seep
sites are known as LM-9, Kea, Kaka, Kakapo, Moa and Bears Paw (Figure 2.4).
Seep-related observations at these sites include hydroacoustic flares in the water
column (Bialas et al., 2007; Jones et al., 2010); underwater video observations of
dense chemosynthetic faunal communities and authigenic carbonate rock struc-
tures (Jones et al., 2010); the recovery of authigenic carbonates of various miner-
alogies in sediment box cores (Campbell et al., 2010); the recovery of gas hydrate in
sediment cores (Bialas et al., 2007); the presence of a BSR in multichannel seismic
data beneath Omakere Ridge (Greinert et al., 2010); gas-related acoustic turbidity
and blanking in ParasoundTM sub-bottom profiler (SBP) data beneath the seep
sites (Jones et al., 2010); and high backscatter features in sidescan and multibeam
sonar data (Greinert et al., 2010; Jones et al., 2010). A series of CTD (Conductivity-
Temperature-Depth) casts were analysed by Faure et al. (2010) to determine sea-
water methane concentrations above each of the seeps at Omakere Ridge, and
showed elevated methane concentrations over the whole area, with the highest
concentrations occurring at Bear’s Paw.
The seeps appear as elevated features, generally of 2–4 m bathymetric re-
lief in multibeam swath bathymetry and are all characterised by regions of high
backscatter intensity on both sidescan and multibeam sonar compared to the sur-
rounding seafloor (Greinert et al., 2010; Jones et al., 2010). Seep sites with higher
population densities of live chemosynthetic organisms have been inferred to be
the locations where present-day seepage is the greatest (Jones et al., 2010). Loca-
tions where significant seafloor carbonate structures exist with evidence of previously-
living populations of chemosynthetic fauna are considered to be extinct seep sites
(Jones et al., 2010). Previous research has suggested that the seep sites might be
migrating eastward due to the continual eastward migration of the deformation
front, based on the abundance of chemosynthetic faunal communities at the seeps
(Jones et al., 2010). Summaries of previous findings at each Omakere Ridge seep
site examined in this study are presented in the following sections.
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Figure 2.3: Detailed bathymetric map of offshore Hawkes Bay (for location see
Figure 2.2), showing the location of Omakere Ridge and the study area for this
thesis (the small blue rectangle). A detailed map of the study area is provided in
Figure 2.4.
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Bear’s Paw
Bear’s Paw appears as a moderate sidescan sonar backscatter feature without
acoustic shadows, indicating low bathymetric relief. Acoustic turbidity has been
observed in SBP data to the northeast of the Bear’s Paw site (Jones et al., 2010).
Underwater video observation has shown that the authigenic carbonate at Bear’s
Paw is of moderate bathymetric relief and is interspersed with areas of sulphidic
sediments and extremely high abundances of chemosynthetic fauna (Jones et al.,
2010). Based on the abundance of live chemosynthetic fauna, and higher methane
concentrations in the overlying water column than at any of the other sites, Bear’s
Paw was identified as the most active of the Omakere Ridge seep sites (Faure et al.,
2010; Jones et al., 2010). Gas hydrates were recovered in a shallow sediment core
from Bear’s Paw in 2007 (Bialas et al., 2007). The gas hydrates were found in three
separate sub-horizontal layers, one of which was 1 cm-thick, approximately 1 m
below the seafloor (Bialas et al., 2007).
Kea
Kea appears as a region of scattered patches of high sidescan sonar backscat-
ter, with well-developed acoustic shadows, elongate in a WNW–ESE orientation
(Jones et al., 2010). The patches of high backscatter are interspersed with areas
of lower backscatter at background levels. Underwater video observations have
revealed scattered carbonate coverage at Kea, with carbonate outcrops of pre-
dominantly low relief, including boulders and cobbles (Jones et al., 2010). The
western end of Kea exhibited the most abundant seep fauna and extensive ar-
eas of exposed carbonate structures out of Kea, Kaka and Kakapo. Shell valves
of Calyptogena species clams and patches of sulphidic sediment were present at
Kea and were in high abundance at the western end of the seep (Jones et al.,
2010). The carbonate structures at the western end of Kea were found to be inhab-
ited by Bathymodiolus species mussels, Calyptogena species clams, and hexactiellid
sponges. Lamellibrachia species tube worms were also present across the Kea site.
Based on the abundance of live chemosynthetic fauna, Kea was determined to be
the second most active seep site on Omakere Ridge, after Bear’s Paw (Jones et al.,
2010).
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Kaka
Like Kea, Kaka appears as a region of scattered patches of high sidescan sonar
backscatter interspersed with areas of lower backscatter, with well-developed
acoustic shadows, elongate in a WNW–ESE orientation. As observed at Kea,
video observations have shown scattered carbonate coverage at Kaka, with car-
bonate outcrops of predominantly low relief and areas of boulders and cobbles.
Shell valves of Calyptogena species clams and patches of sulphidic sediment were
present at low abundance at Kaka. Lamellibrachia species tube worms were also
present across the Kea site. Based on the abundance of live chemosynthetic fauna,
Kaka was determined to be the fourth most active seep on Omakere Ridge, after
Bear’s Paw, Kea and the Moa Seep (Jones et al., 2010).
Kakapo
Kakapo, too, is elongate in a WNW–ESE orientation. It is characterised by mod-
erate sidescan sonar backscatter without acoustic shadows. However, (Jones et al.,
2010) noted that Kakapo was directly below the path of the sidescan towfish,
adding uncertainty to the sidescan backscatter data. Chirp SBP data showed
an irregular zone of increased signal intensity directly below the Kakapo seep.
This was interpreted by Jones et al. (2010) to be acoustic turbidity caused by gas
bubbles in the shallow sediments reflecting acoustic energy. The acoustic tur-
bidity intersects the seafloor directly beneath the Kakapo seep and is thought to
represent the migration pathway of methane to the seep site (Jones et al., 2010).
Underwater video observations revealed a very similar story to that at Kaka.
Kakapo is characterised by: scattered carbonate coverage with predominantly
low-relief outcrops, boulders and cobbles; Calyptogena species clam shell valves;
a low abundance of sulphidic sediment patches; and Lamellibrachia species tube
worms. Based on the abundance of live chemosynthetic fauna, Kakapo was de-
termined to be the fifth most active seep on Omakere Ridge, after Bear’s Paw,
Kea, Moa Seep and Kaka (Jones et al., 2010).
2.4. OMAKERE RIDGE 29
Moa
Moa is characterised by two distinctly different sections. The northwestern sec-
tion is a high-bathymetric-relief cold-water coral reef where seep activity appears
to have ceased, while the southwestern section is a low-relief feature densely
populated by live chemosynthetic fauna and is a location of active methane seep-
age (Jones et al., 2010). These two distinct sections are referred to as ’Moa Reef’
and ’Moa Seep’ respectively. Widespread vesicomyid clam shells at the Moa Reef
show that seep activity has occurred here in the past (Jones et al., 2010).
Moa Reef is characterised by very high backscatter in the sidescan sonar data
with well-developed acoustic shadows, which are indicative of high bathymetric
relief. Underwater video observations have revealed that the Moa Reef is char-
acterised by steep, high-relief authigenic carbonate colonised in many places by
cold-water corals, but no live chemosynthetic fauna. Based on the absence of live
chemosynthetic fauna, the Moa Reef was determined to be an extinct seep site
(Jones et al., 2010).
Moa Seep is characterised by high sidescan sonar backscatter, but in contrast
to Moa Reef shows no pronounced evidence of shadowing. Video observations
have revealed that the authigenic carbonate at the Moa Seep is populated with
live chemosynthetic fauna, which is also a contrast to the authigenic carbonate
at Moa Reef, which was found devoid of live chemosynthetic fauna. Based on
the abundance of live chemosynthetic fauna, Moa Seep was determined to be the
third most active seep on Omakere Ridge, after Bear’s Paw and Kea (Jones et al.,
2010).
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Figure 2.4: Omakere Ridge study area overview bathymetric map showing seep
site locations. Refer to Figure 2.2 for the location of this study area in relation to
New Zealand.
Chapter 3
3D Seismic Dataset
3.1 Acquisition and processing
High-resolution 3D seismic data were acquired by the RV Sonne during cruise
SO-214 with a 128-channel 3D P-CableTM system, consisting of 16 streamers towed
in parallel, with eight channels per streamer at a channel spacing of 1 m. Each
streamer was connected to a data cable that was extended orthogonally to the
ship’s travel direction by two trawl doors, one at either end of this cross-cable.
Outer-array streamers were separated by 15 m of cross-cable, while inner-array
streamers were separated by 10 m of cross-cable. In plan view, the cross-cable
formed a roughly parabolic shape when towed behind the ship, resulting in middle-
array streamers being towed further behind the ship than the outer array stream-
ers and an effective streamer spacing less than the length of cross-cable separating
the streamers from one another. The greater cross-cable spacing of the outer-array
streamers compensated for the parabolic spread of the cross-cable, resulting in
more uniform effective streamer spacings (Bialas, 2011). A diagram of the acqui-
sition system and geometry is provided in Figure 3.1.
A single GI-airgun (generator-injector) source was used, which had a volume
of 4.2 l and was operated at a constant pressure of 210 bar in harmonic mode,
resulting in a dominant source frequency of 60 Hz. The GI-gun was towed 20 m
behind the ship at a depth of 2 m, with a shot interval of six seconds. The data
were recorded with a sampling interval of 0.25 ms (Bialas, 2011).
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Figure 3.1: Schematic diagram of P-CableTM 3D seismic acquisition system used
during SO-214. Each of the 16 streamers (light blue) is connected to the cross-
cable (yellow). The middle-array streamers were separated by 10 m of cross-
cable, while outer-array streamers were separated by 15 m of cross-cable. This
compensated for the parabolic curve of the cross-cable, resulting in more uni-
form streamer spacing during acquisition. The travel direction defines the inline
direction. After Bialas (2011).
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The survey was completed over seven days and involved racetrack-style shoot-
ing over a rectangular area with 6.25 km-long inlines and 1.625 km-wide crosslines
(see Figure 3.6 later in text). For the first three days of surveying, only the first
seven streamers recorded any data due to technical problems with the cross-
cable. The rest of the surveying was completed successfully with all 16 streamers
recording properly (Bialas, 2011).
The shipboard processing sequence involved CDP binning at a CDP spac-
ing of 6.25 m, a normal move-out correction at 1500 m/s, and along-streamer
stacking. A post-stack trace interpolation algorithm was carried out to fill gaps
that existed in the southwestern half of the survey. The stacked and interpolated
dataset was then run through a 3D true-amplitude Kirchoff time migration at
a constant velocity of 1500 m/s (Bialas, 2011). For this preliminary shipboard-
processed dataset, everything before 1300 ms was clipped from the dataset (wa-
ter column), as well as everything below 2800 ms. This unfortunately resulted
in the removal of the first seafloor multiple, which holds key information about
the seafloor reflection coefficient, as will be discussed later in this Chapter. The
data were also processed into 2D inlines, using the same processing parameters
described above except with a 2D migration algorithm. The 2D lines include the
seafloor multiple, which has enabled calculation of the seafloor reflection coeffi-
cient for the 3D dataset (see Section 3.3).
3.2 Noise
3.2.1 Overview
The Omakere seafloor seismic amplitude map (Figure 3.2) reveals that significant
unwanted coherent noise exists in the 3D seismic dataset. Such noise makes it dif-
ficult to analyse and interpret the reflection characteristics of the seafloor methane
seep sites. Therefore, it is important to understand the causes of the noise and to
remove as much of the noise as possible before analysing and interpreting the
data. Stripes of alternating high and low reflection amplitude run parallel to the
northwest and southeast shooting directions of the survey. Superimposed on this
striping, the southwestern half of the survey appears to be of overall higher am-
plitude than the northeastern half. The characteristics of the noise are typical of
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acquisition artifacts, which commonly arise in 3D seismic data due to systematic
inconsistencies in the survey parameters during acquisition (Chopra and Marfurt,
2007). The characteristics of the noise have been investigated here in both the time
and spatial frequency domains (in Sections 3.2.2 and 3.2.3 below). This investi-
gation of the noise has informed the design of filtering techniques to optimally
remove the stripy acquisition artifact.
3.2.2 Time-domain characteristics of the footprint
The stripy artifact that dominates the seafloor amplitude map shown in Figure 3.2
must have been caused by a systematic variation in the seafloor seismic reflection
waveform in the crossline direction. To investigate the waveform of the seafloor
reflection, several hundred individual raw shot records, such as the one shown
in Figure 3.3 were investigated. On many of these shot records, including the one
shown in Figure 3.3, the seafloor reflection displayed an undesirable elongation
in the time domain and the emergence of a double-peak, rather than the usual
single peak, accompanied by a decrease in peak amplitude. This elongation and
separation of the waveform into two separate peaks is greatest for channels in
streamers closer to the centre of the array, which were towed at greater depth. The
same elongation, double-peaking and reduction in peak amplitude was found in
the migrated 3D seismic data volume wherever low-amplitude stripes occur on
the seafloor amplitude map, while high-amplitude stripes are characterised by
a more compressed, single-peak reflection, confirming that this phenomenon is
indeed responsible for the amplitude striping.
3.2.3 Spatial frequency characteristics of the footprint
The seafloor amplitude maps (Max, Min and RMS) all show significant amplitude-
striping, with the stripes parallel to the inline direction. The stripes appear to
have a quasi-periodic repetition in the crossline direction, and exhibit no obvious
periodicity in the inline direction. To investigate the spatial frequency content
of the footprint, 1D Fourier transforms of the seafloor amplitude map were cal-
culated in both the inline and crossline directions. By plotting the power as a
function of frequency, dominant spatial frequencies could be identified, allowing
identification of the characteristic frequencies of the noise. As can be seen in Fig-
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ure 3.4, the power of the noise is an order of magnitude greater in the crossline di-
rection than the inline direction. After smoothing with a Gaussian filter, a distinct
power peak appears in the crossline spectrum at a wavelength of approximately
70 m. There are no distinct peaks in the inline spectrum. The peak in the crossline
spectrum confirms the hypothesis from visual investigation of the seafloor am-
plitude maps: the stripy artifact has a characteristic wavelength in the crossline
direction. This characteristic wavelength of approximately 70 m is on the same
order of magnitude as the array width, suggesting a link between the array width
and the stripy artifact. Possible causes for this are discussed in Section 3.2.4.
To investigate the spatial characteristics of the noise in more detail, a 2D dis-
crete Fourier transform was used to transform the amplitude map into a 2D
spatial frequency map displayed as a cross-plot of Kx (crossline wavenumber)
against Ky (inline wavenumber). This allowed visualisation of the frequency
spectra in all azimuths. To improve visualisation of the Kx–Ky domain, the zero
frequency was shifted to the centre of the matrix. The acquisition footprint noise
is characterised by high power over all wavenumbers in the crossline direction in
a narrow band with low inline wavenumbers indicating that the periodic noise
oscillates predominantly in the crossline direction (Figure 3.5). There is also a
component of periodic noise oscillating in the inline direction over the low inline
wavenumber, low crossline wavenumber range (Figure 3.5).
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Figure 3.5: Plot of 2D spatial frequency domain of the RMS amplitude map shown
in Figure 3.9. The x and y axes are inline wavenumber and crossline wavenum-
ber respectively. The acquisition footprint is manifest as high-power noise in the
crossline direction, over the entire crossline wavenumber spectrum for low inline
wavenumbers.
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3.2.4 Factors contributing to the footprint
Shooting direction
One factor that may have introduced a systematic seafloor reflection character-
istic bias is the shooting direction for each shot during acquisition. That is, the
prevailing ocean currents and wind directions may have caused systematic dif-
ferences in the seafloor reflection amplitudes depending on the directions the
data were acquired in. As can be seen in Figure 3.6, where shooting direction
is concerned, there are two distinct parts of the survey. The higher-amplitude
southwestern half of the survey was conducted with the ship travelling to the
southeast, and the lower-amplitude northeastern half with the ship travelling to
the northwest. There is only a small section of overlap between these two sec-
tions, where lines shot in both directions exist.
Acquisition geometry
A detailed account of the acquisition geometry has been presented in Section
3.1. As a consequence of using trawl doors to spread the array out in a direction
perpendicular to the ship’s direction, middle-array streamers were towed farther
below the sea surface than outer-array streamers. The differences in tow-depth
would likely have been controlled primarily by the ship’s speed relative to the
prevailing water currents. The difference in arrival time between the seafloor
ghost multiple and the primary seafloor reflection is a function of the streamer
depth (the ghost is a reflection from the sea/air interface that arrives directly
after the primary seafloor reflection, ’ghosting’ the seafloor arrival). Therefore,
the variation in the streamer depths perpendicular to the ship’s direction would
cause a variation in the arrival time of the ghost: the ghost multiple arrived a
greater amount of time after the primary multiple for the middle-array streamers.
This would cause variability in the way the primary seafloor reflection and the
ghost interfere from streamer to streamer, providing a logical explanation for the
variation in seafloor reflection waveform from streamer to streamer presented in
section 3.2.2.
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Figure 3.6: Omakere 3D seismic survey shotpoints coloured by shooting direc-
tion. Note the two distinct halves of the survey shot in opposite directions, with
a small section of overlap. This diagram also demonstrates the ’racetrack’ shoot-
ing style employed during the acquisition of the seismic data.
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3.2.5 Footprint removal
Calculating RMS amplitude of the seafloor reflection
The stripy artifact was very pronounced in the peak amplitude map (Figure 3.2).
The investigation of the noise in the time domain showed that the centre-array
streamers often recorded the seafloor reflection as a longer wavelet with double
low-amplitude peaks, as opposed to the outer-array streamers that recorded the
seafloor reflection as a shorter wavelet with one higher-amplitude peak. There-
fore, calculating the RMS amplitude over the same time window for the two ex-
tremes in seafloor reflection waveform should attenuate some of the stripy arti-
fact. The 20 ms RMS amplitude map was created to encompass the entire seafloor
reflection waveform only for both the short, single-peak seafloor reflection wave-
form and the elongate, double-peak waveform. The signal from the seep sites is
much more pronounced in the RMS amplitude maps than in the maximum and
minimum seafloor amplitude maps and the stripy artifact appears to have been
attenuated to some extent (see Figure 3.9 later in text). However, it is still a pro-
nounced feature that will hinder interpretation.
Spatial filtering of the seafloor horizon
A commonly-used method for attenuating acquisition artifacts in 3D seismic datasets
is 2D spatial filtering of horizon slices, to remove the artifact slice by slice (Sahai
and Soofi, 2006; Chopra and Marfurt, 2007, 2008). The noise identified in Section
3.2.3 was removed in the Kx–Ky domain by setting the noise-dominated matrix
elements to zero (Figure 3.7). The data were transformed back into the spatial do-
main, showing that most of the crossline-directional amplitude striping had been
attenuated (Figure 3.9).
The Kx–Ky filtering removed much of the stripy artifact, but there was still
low-frequency striping in the crossline direction (Figure 3.9). The frequency of
this noise was too low to allow it to be filtered out by simply removing these
frequencies from the Kx–Ky domain and transforming back to the spatial do-
main. To remove this low-frequency noise, a stochastic approach was adopted.
The remaining noise was sampled in the northwestern part of the Kx–Ky-filtered
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Figure 3.7: Plot of 2D spatial frequency domain showing the matrix elements that
have been set to zero to remove the acquisition footprint noise. The x and y axes
are inline wavenumber and crossline wavenumber respectively. Compare to the
unfiltered 2D spatial frequency domain shown in Figure 3.5. To see the result
of removing this section of the 2D spatial frequency domain before transforming
back into the spatial domain, see Figure 3.9.
44 CHAPTER 3. 3D SEISMIC DATASET
Fi
gu
re
3.
8:
Sa
m
pl
in
g
th
e
lo
w
-f
re
qu
en
cy
no
is
e
le
ft
af
te
r
2D
sp
at
ia
lf
re
qu
en
cy
fil
te
ri
ng
an
d
ca
lc
ul
at
io
n
of
a
sh
if
tv
ec
to
r
to
at
te
nu
at
e
it
.
3.3. SEISMIC ATTRIBUTES 45
amplitude map, where the seafloor is homogeneous and no desired signal exists.
The average amplitude of the sample area, SA, was calculated, as well as the av-
erage amplitude for each inline, IA(i), within the sample area. A value for each
inline was calculated to shift it to the sample area average (Figure 3.8). The shift
value for each inline, SHIFT(i), was calculated as follows:
SHIFT (i) = SA − IA(i) (3.1)
The shift vector was smoothed, then added to each crossline column in the matrix.
Much of the remaining low-frequency noise was removed (Figure 3.9).
3.3 Seismic attributes
3.3.1 Seafloor reflection coefficient
The reflection coefficient of any seismic reflection is a function of the acoustic
impedance of the media above and below the reflecting interface. For a vertical
reflection, the reflection coefficient is equal to:
R =
Z2 − Z1
Z2 + Z1
(3.2)
where Z1 and Z2 are the acoustic impedances of the two media, which are equal
to the product of acoustic velocity and density of the respective media (Sheriff and
Geldart, 1995). In other words, the reflection coefficient is directly proportional to
the acoustic impedance contrast.
To compute a seafloor reflection coefficient map, the reflection coefficient was
calculated at several locations using the 2D migrated lines from the P-Cable sur-
vey. It was necessary to use the 2D migrated lines, as the seafloor multiple was
truncated out of the preliminary 3D dataset during shipboard processing (ex-
plained in Section 3.1), and the seafloor multiple amplitude is a necessary piece of
information in calculating the seafloor reflection coefficient, as explained below.
The seafloor reflection coefficient was calculated using the following relationship,
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published in Yilmaz and Doherty (2001):
Rs = −2 ∗ Amul
Asfl
(3.3)
where Rs is the seafloor reflection coefficient and Amul and Asfl are the seafloor
multiple and primary seafloor reflection amplitudes respectively (the factor of
two in the equation accounts for linear amplitude loss with travel path, since
the multiple reflection has twice the travel path as the primary seafloor reflec-
tion). An assumption of this method is that the sea/air reflection coefficient can
be approximated to –1, which is not always the case, especially for a rough sea
state. Therefore, reflection coefficient values derived by this method should be
considered a minimum estimate of the true seafloor reflection coefficient. A lin-
ear relationship was then calculated between reflection coefficient and seafloor
3D seismic amplitude for the filtered and smoothed seafloor amplitude map. An
assumption of this method is that source strength remained constant through-
out the survey, which it roughly should have (airgun pressure was maintained
at 210 bar throughout the survey). The relationship between reflection coefficient
and filtered 3D seismic amplitude was then used to transform the 3D seismic am-
plitude map into a reflection coefficient map. The advantage of calculating the
seafloor reflection coefficient is that it is a survey-independent variable, unlike
the primary reflection amplitude, which depends on source signal strength as
well as reflection coefficient. This survey-independent parameter for quantifying
reflection strength at the seep sites will allow future comparison with other seep
sites in New Zealand and globally.
As described in Section 3.2, the RMS amplitude of the seafloor reflection was
calculated as a first step in attenuating the acquisition artifact manifest in the
maximum amplitude map. The disadvantage of an RMS amplitude is that it no
longer has any polarity information. It is the RMS amplitude dataset that has un-
dergone further filtering, and that has been converted into a reflection coefficient
dataset. It should therefore be noted that this an absolute reflection coefficient
dataset. It is possible that some areas of low absolute reflection coefficient pre-
sented in this thesis could represent areas of low negative acoustic impedance
contrast, where the seafloor acoustic impedance is less than that of water due to
very high gas concentrations (e.g. at Bear’s Paw). However, in this study area,
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areas of high absolute reflection coefficient are almost certainly high positive re-
flection coefficient, as they correspond to areas of extensive carbonate build-ups
of high acoustic impedance (e.g. at Moa Reef and Kea). Therefore, the fact that
polarity information has been sacrificed does not significantly hinder interpreta-
tion of this dataset, especially when interpreted in conjunction with multibeam
sonar backscatter data and ParasoundTM sub-bottom profiler data.
3.3.2 Seafloor seismic similarity
Seismic ’similarity’ is an algorithm available in OpenDtectTM for calculating co-
herence, where coherence is a measure of the similarity between waveforms of
traces (Chopra and Marfurt, 2007). Quantifying the coherence of the seismic wave-
form from trace to trace is used to reveal subtle information in seismic data that
is difficult to detect by looking at amplitude information alone. Coherence is
particularly useful in identifying faults and fractures, which often cause abrupt
changes in the seismic waveform (Chopra and Marfurt, 2007). There are many
different methods for quantifying coherence (Chopra and Marfurt, 2007). Seismic
’similarity’ in OpenDtectTM treats specified seismic trace segments as vectors in
hyperspace, and quantifies the similarity as 1 minus the Euclidean distance be-
tween the vectors divided by the sum of the length of each vector (dGB Beheer B.V.,
2011). In this way, trace segments with exactly the same waveform would have
a similarity value of 1, while trace segments that are totally dis-similar would
have a similarity of 0 (dGB Beheer B.V., 2011). For the data presented in this thesis,
seismic similarity was calculated at each CDP for a 20 ms window around the
seafloor reflection and comparing the waveform to that of each of the 8 adjacent
CDPs. The minimum similarity value of these 8 values was assigned to that CDP.
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3.4 Results
3.4.1 Overview
The seep sites mostly appear as features of high RMS seafloor reflection coeffi-
cient compared to the surrounding seafloor. The Moa Reef and Kea sites appear
as regions of relatively consistent high reflection coefficient. Kaka and Kakapo are
characterised by smaller patches of high reflection coefficient. The Bears Paw site
appears as a patchy low-amplitude feature (Figure 3.10). To help quantify the re-
flection coefficient at each seep site, CDP percentage plots were created for areas
encompassing each seep site (Figure 3.11). The areas encompassing each seep site
were the same as those used to extract CDP percentage plots for sonar backscat-
ter intensity (Figure 4.4 in Chapter 4). The seep sites all appear as low-similarity
features, indicative of high variability in the seafloor reflection waveform from
CDP to CDP (Figure 3.12). The seafloor seismic similarity map shows a num-
ber of linear low-similarity features towards the southeastern end of the survey
area, which are related to an extensional fault network. In addition to the seafloor
analyses, key inlines from the 3D seismic dataset have been selected to analyse
the subsurface reflection characteristics beneath each seep site. As noted in Chap-
ter 1, these inlines and any interpretations drawn from them are preliminary only
and a more thorough investigation will be conducted by Plaza-Faverola. The fol-
lowing subsections detail the observations at each seep site.
3.4.2 Bear’s Paw
Reflection Coefficient
Bear’s Paw is characterised by patches of predominantly low seafloor seismic re-
flection coefficient (Figure 3.10), with reflection coefficient values ranging from
0.10 to 0.35 with a modal value of 0.20 (Figure 3.11). The range of 0.25 and maxi-
mum reflection coefficient value of 0.35 are the lowest of all the seeps on Omakere
Ridge.
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Seismic Similarity
The seafloor at Bear’s Paw is characterised by low seismic similarity over the
same region that exhibits patches of low reflection coefficient (Figure 3.12).
3D Seismic Subsurface
The 3D seismic inline through Bear’s Paw reveals a narrow vertical zone of dis-
turbed reflectivity below the seep site. The bottom of this disturbed zone is not
discernible, as it continues to the depth where the amplitude of the returned sig-
nal is too attenuated to detect reflections. Shallow reflection horizons beneath
Bear’s Paw and to the west of Bear’s Paw are truncated and vertically offset due
to extensional faulting beneath the ridge crest (Figure 3.15).
3.4.3 Kea
Reflection coefficient
Kea is characterised by a patch of reasonably uniform high seismic reflection co-
efficient, which is elongate in a WNW–ESE orientation (Figure 3.10). Reflection
coefficient values at Kea range from 0.13 to 0.46 with a modal value of 0.17 (Fig-
ure 3.11). The maximum value of 0.46 at Kea is the second highest of the seep
sites, lower only than the maximum of Moa Reef.
Seismic similarity
Kea exhibits low seismic similarity, also elongate in a WNW–ESE orientation over
the same region that exhibits anomalous reflection coefficient (Figure 3.12).
3D seismic subsurface
The key 3D seismic inline selected through Kea reveals a narrow vertical zone
of anomalous reflectivity below the seep site, which extends down into a zone
of high-amplitude reflections deeper in the subsurface. This zone of deep high-
amplitude reflections has an antiformal shape and is directly overlain by a zone
of low amplitude response (Figure 3.14).
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3.4.4 Kaka
Reflection coefficient
The Kaka seep is characterised by patches of high reflection coefficient inter-
spersed by patches of low reflection coefficient. Like Kea, this heterogeneous
zone of anomalous reflection coefficient is elongate in a WNW–ESE orientation
(Figure 3.10). Reflection coefficient values at Kaka range from 0.11 to 0.38 with a
modal value of 0.19 (Figure 3.11).
Seismic similarity
The seafloor at Kaka exhibits low seismic similarity elongate in a WNW–ESE ori-
entation over the same region that exhibits anomalous reflection coefficient (Fig-
ure 3.12).
3D Seismic subsurface
The key 3D seismic inline selected through Kaka reveals a narrow vertical zone
of anomalous reflectivity below the seep site, which extends down into a zone
of high-amplitude reflections deeper in the subsurface. This zone of deep high-
amplitude reflections has an antiformal shape and is directly overlain by a zone
of low amplitude response, as observed at Kea (Figure 3.15).
3.4.5 Kakapo
Reflection coefficient
Like Kaka, the seafloor at Kakapo is characterised by patches of high reflection
coefficient interspersed by patches of low reflection coefficient. Like Kea and
Kaka, this heterogeneous zone of anomalous reflectivity is elongate in a WNW–
ESE orientation (Figure 3.10). Reflection coefficient values at Kakapo range from
0.08 to 0.38 with a modal value of 0.21 (Figure 3.11).
Seismic similarity
Kakapo is characterised by low seafloor seismic similarity, elongate in a WNW–
ESE orientation over the same region that exhibits anomalous reflection coeffi-
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cient (Figure 3.12).
3D seismic subsurface
The key 3D seismic inline selected through Kakapo reveals a narrow vertical zone
of anomalous reflectivity below the seep site, which extends down into a zone
of high-amplitude reflections deeper in the subsurface. This zone of deep high-
amplitude reflections has an antiformal shape and is directly overlain by a zone
of low amplitude response, as observed at Kea and Kaka (Figure 3.16).
3.4.6 Moa Reef
Reflection coefficient
The Moa Reef is characterised by a broad, uniform zone of very high seafloor
reflection coefficient, elongate in a SW–NE direction (Figure 3.10). Reflection co-
efficient values at Moa Reef range from 0.06 to 0.55 with a modal value of 0.25,
exhibiting both the largest range and highest maximum value of all the Omakere
Ridge seep sites (Figure 3.11).
Seismic similarity
Moa Reef appears as a region of low seismic similarity over the same region that
is characterised by high reflection coefficient (Figure 3.12).
3D seismic subsurface
The 3D seismic inline through Moa Reef reveals a narrow vertical zone of dis-
turbed reflectivity beneath this site. The bottom of this disturbed zone is not
visible, as it continues to the depth where the amplitude of the returned signal is
too low to detect reflections. To the east of Moa, shallow reflection horizons are
truncated and vertically offset by extensional faulting (Figure 3.14).
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Chapter 4
Sonar Backscatter
4.1 Sonar backscatter theory
Sonar backscatter theory is presented here in the context of backscattering from
the seafloor and is a summary of principles published in Lurton (2002) that apply
to the data presented in this thesis. Sonar waves incident on the seafloor are scat-
tered by the seafloor in all directions. A portion of the incident waves is scattered
back towards the transmitter/receiver. The intensity of the reflected signal EL
received by the sonar system after backscattering is defined by Lurton (2002) with
the formula:
EL = SL − 2TL + TS = SL − 40 logR− 2αR + TS (4.1)
where SL is the source intensity, TL is the transmission loss, TS is the target
strength, R is the propogation range and α is the absorption coefficient. Expressed
in words, the echo intensity is equal to the source level minus transmission losses,
minus absorption, plus the target strength.
The target strength TS is defined as the ratio of the signal intensity reflected
back to the receiver to the incident intensity:
TS = 10 log
(
Ibs
Ii
)
(4.2)
(Lurton, 2002) where Ibs is the intensity of the backscattered signal and Ii is the
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intensity of the incident signal. TS differs from a reflection coefficient (described
in Chapter 3) in that the incident plane wave is re-radiated from the target as if it
were a new point source, whereas a reflection coefficient describes a reflected
wave that is plane (Lurton, 2002). The backscattered signal strength from the
seafloor Ibs depends on the seafloor roughness (shape and size of small-scale
irregularities), the contribution to backscattering by underlying volume hetero-
geneities down to a depth of several centimetres beneath the seafloor, the acoustic
impedance contrast at the water/sediment interface, the frequency of the incident
signal and the angle of incidence (measured from the normal to the seafloor) (Lur-
ton, 2002).
The effect of seafloor roughness on backscattered signal strength depends on
the frequency, angle of incidence and the scale of seafloor heterogeneity. Part
of the incident wave is reflected away with no deformation at an angle equal
to the angle of incidence on the surface (specular reflection), while the remain-
der is scattered in all angles, including back towards the source. Low interface
roughness induces a high specular component and low scattered component dis-
tributed around the specular direction. High interface roughness strongly atten-
uates the specular component and results in high scattering in all directions (Lur-
ton, 2002).
There are two main physical processes related to seafloor roughness that de-
termine the backscattered signal intensity: facet backscattering and Bragg backscat-
tering. At incidence angles up to approximately 20◦, facet backscattering domi-
nates the backscattered energy (Lurton, 2002). When a rough seafloor contains
facets (small faces) that are inclined so that the normal to their surface is parallel
to the angle of incidence, a strong backscatter response will be recorded. This
is because the specular reflection is reflected back towards the receiver (Lurton,
2002). When the incidence angle is greater than around 20◦, Bragg backscatter-
ing is dominant (Lurton, 2002). Bragg backscattering occurs when the scale of
seafloor roughness is small relative to the acoustic wavelength, and the main con-
tribution to backscattered signal strength at incident angle θi, independent of the
acoustic impedance contrast, comes from the scatterers with spacing d such that
2dsinθi = λ, where λ is the acoustic wavelength. Seafloor roughness at this scale
results in constructive interference of the backscattered signal in the direction of
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the receiver, increasing the intensity of the received signal (Lurton, 2002). Conse-
quently and ignoring acoustic impedance contrast and volume heterogeneities,
the backscattered signal strength will be the greatest when seafloor irregularities
are on a scale of roughly half the acoustic wavelength.
There are a number of models that attempt to quantify the exact angular de-
pendence of sonar backscatter intensity on sediment physical properties such as
grain size and fluid content (e.g. Lamarche et al., 2011), but such modelling is be-
yond the scope of this thesis, which aims for a purely qualitative approach to
backscatter analysis.
Standard multibeam sonar backscatter processing techniques correct for the
Tx/Rx beam pattern (transimtter- and receiver-induced angular variation in sig-
nal strength) and the dependence of backscatter on angle of incidence, taking into
account the bathymetry (e.g. Lamarche et al., 2011). During these corrections, the
backscatter intensity of each beam in the swath is commonly statistically com-
pensated to an arbitrary reference level (for example, the average backscatter in-
tensity at an incidence angle of 45◦) (Lamarche et al., 2011). After these corrections
have been applied, the amplitude of the sonar data should depend only on the
characteristics of the seafloor (roughness, grain size, acoustic impedance, vol-
ume heterogeneities). After such processing has been carried out, areas of high
seafloor backscatter can be explained by (e.g. Lamarche et al., 2011):
• abundant seafloor irregularities on roughly the same order of magnitude as
the acoustic wavelength;
• many optimally-oriented facets of a size below the spatial resolution of the
bathymetry grid used in the backscatter processing;
• coarse-grained sediments;
• or a high acoustic impedance contrast at the interface between water col-
umn and seafloor;
while areas of low backscatter can be explained by:
• a smooth, homogeneous seafloor;
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• fine-grained sediments;
• or a low acoustic impedance contrast at the interface between water column
and seafloor.
Gas bubbles in the sediment are known to be an essential component of seafloor
backscattering (Lurton, 2002). The presence of gas lowers the acoustic impedance
of the host sediments, lowering the acoustic impedance contrast between the
water column and gas-charged seafloor sediments, and increasing the acoustic
impedance contrast between gas-charged and non-gas-charged sediments. The
presence of gas in sediments can therefore both decrease and increase reflection
amplitude.
4.2 Data acquisition
The 12 kHz Kongsberg EM120TM multibeam sonar array was mounted on the hull
of the RV Sonne. The system comprises two transducer arrays that are compen-
sated for pitch, roll and yaw, and emit and receive successive frequency-coded
signals between 11.25 and 12.6 kHz in a swath of 191 beams. The swath spread
out perpendicular to the ship’s track on either side, with a total swath width of
120◦ and across-track beam spacing of 2% of the water depth. Figure 4.1 shows
the swath coverage of an individual sonar transect over the study area. The sys-
tem recorded depth and backscattered signal amplitude. The depth information
was determined automatically by the recording system using the two-way-travel-
time and beam angle for each beam and taking into account beam refraction due
to water velocity variations (Bialas, 2011). The recording system was set up so
that a new transect was started every hour, where each new transect was auto-
matically recorded as a separate KongsbergTM .all file (standard file format for
KongsbergTM sonar data, containing navigation, water depth and backscatter in-
formation for each beam). Each individual .all file could then be read into pro-
cessing and interpretation software separately.
Multibeam sonar transects were collected over Omakere Ridge at the same
time as the acquisition of the P-Cable 3D seismic dataset and a sidescan sonar
dataset (Bialas, 2011). The 3D seismic survey involved racetrack shooting (see
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Figure 4.1: Swath coverage of an individual sonar transect. The location of the 3D
seismic survey is shown as a reference (black rectangle). Each successive line of
191 blue dots represents the location of all 191 beams from an individual sound-
ing on the seafloor. As the ship moved forward, successive soundings resulted in
successive lines of readings. The multibeam system recorded both the depth and
amplitude of the returned beams.
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Chapter 3), with long inlines perpendicular to the strike of the ridge. The ma-
jority of the sidescan sonar transects run parallel to the ridge. Overall, therefore,
the multibeam sonar dataset comprises hundreds of transects such as the one de-
picted in Figure 4.1 over the study area, both perpendicular and parallel to the
ridge’s strike.
4.3 Data Processing
4.3.1 Overview
In order to produce an interpretable backscatter image over the study area, the
data needed to be processed to account for Tx/Rx amplitude effects and angu-
lar variation of backscatter with incidence angle, as discussed in Section 4.1. The
processing was divided into separate bathymetry processing and backscatter pro-
cessing phases. Both of these steps have been performed using the FledermausTM
software suite. Because part of the backscatter processing sequence (determin-
ing the true beam incidence angles for correction of variation of backscatter with
incidence angle) relied on having an accurate bathymetry grid, the bathymetry
data were processed first. Once bathymetry-corrected, statistically-compensated
sonar backscatter mosaics had been created in FledermausTM, they were exported
for additional processing using MATLABTM scripts.
4.3.2 Bathymetry
The first stage in the bathymetry processing was to select a number of favourable
transects over the study area to include in the bathymetry grid. The FledermausTM
tool DMagicTM was used to plot all available transects, and a number of appro-
priate transects were identified and incorporated into the bathymetry grid. The
raw bathymetry data, contained in the KongsbergTM .all files, contained a num-
ber of pings that recorded the seafloor depth erroneously. The bathymetry file
was smoothed to a horizontal resolution of 10 m as a first step in removing noisy
pings. The bathymetry file was then loaded into FledermausTM and anomalous
pings were visually selected and removed from the dataset. Once all the erro-
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neous pings had been removed, the bathymetry grid was saved as a scalar grid
file, which could be used to display the bathymetry of the study area and used
in backscatter processing to determine the true angle of incidence of the sonar
beams on the seafloor. The resulting bathymetry data are those seen in all de-
tailed bathymetric maps of the Omakere Ridge study area presented in this thesis.
4.3.3 Backscatter
Once the bathymetry data had been processed, backscatter transects were chosen
in DMagicTM, ensuring they crossed over the target area. An important crite-
rion for a good backscatter transect was that it did not include any ship turns.
Backscatter data recorded during a ship turn is smeared-out and hinders inter-
pretation (see Figure 4.2).
Figure 4.2: Omakere backscatter mosaics, showing the backscatter quality of a
transect containing a ship turn (left) compared to a straight transect (right). This
highlights the need to include only straight transects in backscatter mosaics.
Using FM GeocoderTM, backscatter mosaics were created for each relevant
transect and saved as screenshots for visual quality control. The highest-quality
backscatter transects were identified and used in the final backscatter mosaics.
The processing sequence employed for the backscatter data involved correcting
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for Tx/Rx amplitude variation based on a standard beam pattern for EM120 data,
and the variation of backscatter with incidence angle, taking into account the
bathymetry. This processing ensured that backscatter levels were statistically
compensated across all beam angles, allowing the mosaics to be used for qual-
itative interpretation of the seafloor characteristics.
A common artifact that remains in many published sonar backscatter mosaics
is the anomalous-backscatter normal-incident (nadir) beam, the effect of which is
not entirely corrected for in backscatter processing sequences (e.g. Lamarche et al.,
2011). This artifact commonly appears as a distinct line through the centre of a
backscatter mosaic, parallel to the ship’s direction of travel (Figure 4.2). The un-
wanted nadir artifact has been processed out of the Omakere Ridge backscatter
mosaics, without resulting in any loss of seafloor backscatter coverage whatso-
ever. Because several tens of parallel backscatter transects were acquired, the
Omakere Ridge multibeam backscatter dataset includes ample overlap between
parallel multibeam transects to allow certain beam-angle ranges to be excluded
from each transect. Only those beam angles of between 5◦ and 55◦ were included,
and several parallel overlapping transects were combined to fill the gaps. Where
the swaths overlapped, the average backscatter was calculated. In this way, seam-
less backscatter mosaics, without the nadir artifact, could be created for the entire
area of interest, each constructed from two or three parallel transects (see Figure
4.4).
As previously mentioned, the racetrack shooting employed in the 3D seismic
data acquisition resulted in several tens of parallel multibeam sonar transects be-
ing acquired over the seep sites. Six different sonar backscatter mosaics were
created using the method described above, each from a different combination of
parallel transects, using a total of 14 individual transects. Comparing the differ-
ent backscatter mosaics over the seep sites allowed visual identification of the
random noise present in each mosaic, which typically presented itself as a patch
of anomalous high or low backscatter showing up in one mosaic but not others.
Each of the six sonar backscatter mosaics was mapped to the seismic CDP co-
ordinate system to allow direct comparison with the seafloor seismic reflectivity
data. One advantageous consequence of this was that six separate measurements
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of sonar backscatter were assigned to each CDP location. By taking the average
backscatter value at each CDP, a method akin to the well-established CDP stack-
ing method used in seismic reflection processing was achieved. In effect, the six
backscatter mosaics were stacked, yielding a six-fold sonar backscatter mosaic
stack. The advantage of the stacking method is that it attenuates random noise
while enhancing the signal. There is however a trade-off in that spatial resolution
is somewhat decreased. The stacked backscatter mosaic exhibits much higher
signal to noise ratio and is overall a more interpretable dataset than any one of
the individual backscatter mosaics. The improvement of the stacked backscatter
mosaic over an individual backscatter mosaic is illustrated in Figure 4.3.
4.4 Results
4.4.1 Overview
The stacked multibeam backscatter mosaic over the Kea, Kaka, Kakapo, Moa and
Bear’s Paw sites shows all seep sites as regions of high backscatter intensity com-
pared to the surrounding seafloor. Some regions of steep bathymetric slope ex-
hibit high backscatter, whereas others do not. This indicates that the bathymetry
correction applied during the backscatter processing is working correctly, and
that some areas of high bathymetric slope are hard and/or rough and therefore
strong backscatterers. The Kea, Kaka and Kakapo seeps have a pronounced elon-
gate shape oriented in a WNW–ESE direction, with higher backscatter intensity
near their centres, which decreases towards either end of each seep. The Moa
and Bear’s Paw sites appear as more continuous patches of high sonar backscat-
ter (Figure 4.4). To help quantify the backscatter intensity at each seep site, CDP
percentage plots were created for areas encompassing the regions of elevated
backscatter intensity at each seep site (Figure 4.5). The backscatter characteris-
tics at each seep are described in detail below.
4.4.2 Bear’s Paw
The Bear’s Paw seep appears as a region of high sonar backscatter intensity com-
pared to the surrounding seafloor, which is elongate in an E–W direction (Figure
4.4). Backscatter intensity at Bear’s Paw ranges from -38.5 dB to -30.9 dB (Figure
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4.5). The region of high sonar backscatter at Bear’s paw is approximately 600 m
long and 400 m wide at its widest point. The shape of this feature looks more like
a crab’s claw than a bear’s paw (Figure 4.4).
4.4.3 Kea
Kea is characterised by a region of high sonar backscatter intensity compared to
the surrounding seafloor. Backscatter intensity values at Kea range from -39.5 dB
to -29.5 dB (Figure 4.5). The region of high backscatter has a very well-defined
elongate shape, with the elongation oriented in a WNW–ESE direction and the
highest backscatter intensity occurring in a continuous patch at the northwestern
end of the feature. The region of high backscatter intensity is approximately 1 km
long and is less than 200 m wide at its widest point in the very-high-backscatter
zone in the northwestern part of the feature (Figure 4.4).
4.4.4 Kaka
The seafloor at Kaka exhibits high sonar backscatter intensity compared to the
surrounding seafloor. Like Kea, the region of high backscatter intensity at Kaka is
elongate in a WNW–ESE direction, with backscatter intensity values ranging from
-39.2 dB to -30.8 dB (Figure 4.5). The centre of Kaka exhibits higher backscatter
than the west-northwest and east-southeast ends of the feature. The region of
high backscatter intensity is approximately 800 m long and 200 m wide at its
widest point towards the centre of the feature (Figure 4.4).
4.4.5 Kakapo
The Kakapo seep is characterised by a region of high sonar backscatter intensity
compared to the surrounding seafloor, with backscatter intensity values ranging
from -39.7 dB to -30.8 dB (Figure 4.5). Like the Kea and Kaka sites, this region of
high backscatter intensity is elongate in a WNW–ESE direction and backscatter
is highest at the centre of the feature. The region of high backscatter intensity at
Kakapo is approximately 600 m long and 200 m wide at its widest point towards
the centre of the feature (Figure 4.4).
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4.4.6 Moa Reef
The Moa Reef is characterised by a region of high backscatter intensity compared
to the surrounding seafloor, with backscatter intensity values ranging from -38.75
dB to -29.5 dB (Figure 4.5). The region of high backscatter intensity is elongate in
a SW–NE orientation and is approximately 800 m long and 300 m wide (Figure
4.4).
Chapter 5
Parasound
5.1 Acquisition
ParasoundTM sonar data were acquired continuously throughout the cruise, mean-
ing they were collected simultaneously with the 3D seismic and multibeam backscat-
ter datasets. The ParasoundTM sub-bottom profiling system uses the parametric
effect to create a narrow-beam 4 kHz source signal from the simultaneous emis-
sion of an 18 kHz signal and a 22 kHz signal. The 4 kHz signal is generated
within the beam-spreading cone of the higher frequency signals, resulting in a 4
kHz beam with much smaller side-lobes than a standard 4 kHz acoustic signal
(Grant and Schreiber, 1990; Mosher and Simpkin, 1999). The beam-spreading angle
for this dataset is approximately 4◦ (Bialas, 2011). The advantage of this method
is that unwanted out-of-plane reflections from the sides of a transect are reduced.
The disadvantage is that because of the narrow spread of the beam, bathymetric
slopes of much more than 4◦ are not very well imaged as the entire beam is re-
flected away from the receiver. Therefore, amplitude information in areas where
the seafloor is not very flat is unreliable. During shipboard processing, the 4 kHz
secondary signal was separated out from the primary 18 kHz and 22 kHz signals
by the shipboard processing sequence, resulting in a dataset with a band-limited,
2–6 kHz sinusoidal wavelet with a dominant frequency of 4 kHz (Bialas, 2011).
The system recorded data continuously, saving a new file at the end of each day
for both the 18 kHz and 4 kHz frequencies. The 4 kHz dataset imaged the sub-
surface to a depth of 100 m, while the 18 kHz dataset imaged the water column.
Only the 4 kHz dataset is presented in this thesis.
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5.2 Processing
Each day’s raw ParasoundTM file was converted into SEGY (standard format for
seismic data) format on board. The post-cruise processing that has been applied
to the raw 4 kHz SEGY files for each day involved the following steps and is a
slight modification of the processing sequence described in Bialas (2011):
• segmentation of the daily SEGY files into separate SEGY files of 5000 traces;
• conversion of coordinates from arc milliseconds to UTM Zone 60S;
• application of a bandpass filter (2200–10000 kHz);
• application of Hilbert transform to convert to instantaneous amplitude;
• application of a despiking filter.
This was achieved using a combination of Seismic UnixTM and Globe ClaritasTM.
Once this processing sequence had been applied to all the relevant ParasoundTM
data, the 5000-trace SEGY files were displayed in three dimensions with OpenDtectTM.
The majority of the SEGY files looped around the survey area several times, fol-
lowing the ship’s path during 3D seismic acquisition. The ParasoundTM data
were further segmented into discrete lines over the study area to allow for the best
display, analysis and interpretation of the data. A total of 43 such ParasoundTM
lines were created over the study area (locations shown in Figure 5.1). Once the
data were segmented into lines, they were converted into geo-referenced im-
age files (using Globe ClaritasTM) that could be displayed simultaneously with
bathymetry, sonar backscatter and seismic reflection coefficient using FledermausTM.
By displaying the ParasoundTM lines simultaneously with bathymetry, backscat-
ter and reflection coefficient, the exact location of the seep sites could be identi-
fied on the ParasoundTM lines, allowing more confident interpretation. Figure 5.2
shows how this was achieved.
5.3 Results
5.3.1 Overview
The processed ParasoundTM transects reveal the shallow sub-seafloor acoustic re-
flection characteristics in the study area at a very high-resolution. With a 4 kHz
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Figure 5.1: Map showing the locations (in blue) of all 43 processed ParasoundTM
lines over the study area.
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Figure 5.2: 3D visualisation of a ParasoundTM transect and sonar backscatter in-
tensity draped over seafloor bathymetry from above (top) and from below (bot-
tom) using FledermausTM. This ParasoundTM transect crosses through Bear’s
Paw. Displaying the ParasoundTM line and sonar backscatter simultaneously al-
lows accurate location of the seep sites on the ParasoundTM line.
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dominant frequency, features down to a vertical scale of 10 cm could theoreti-
cally be imaged (one quarter of the seismic wavelength at 1500 m/s), with depth
penetration of up to 100 m where the seafloor is flat (see Figures 5.4, 5.5 and
5.6). Anomalous reflection characteristics have been observed beneath all the
seep sites and are described in the following sections.
5.3.2 Bear’s Paw
ParasoundTM sections through Bear’s Paw reveal an extensive zone of high-amplitude
reflections very close to the seafloor. The top of this high-amplitude zone extends
to the seafloor, while the thickness of the zone is up to 10 m assuming a velocity
of 1500 m/s in the near-seafloor sediments. This high-amplitude feature is very
similar to the high-amplitude feature beneath Kaka and Kakapo described be-
low. Below the zone of high-amplitude reflections at Bear’s Paw, not much signal
is returned (Figure 5.5).
5.3.3 Kea
Kea is characterised by a localised high-amplitude patch near the seafloor, which
exhibits a domed morphology at the seafloor. This high-amplitude patch is un-
derlain by a distinctive, blanked zone, into which coherent reflections from sedi-
ment horizons are abruptly attenuated (Figure 5.4).
5.3.4 Kaka
Kaka is characterised by some diffractions/side reflections above higher-amplitude
reflections close to the seafloor. These high-amplitude reflections are underlain by
a thin low-amplitude zone, which is underlain by a much larger, more continu-
ous zone of high-amplitude reflections. This zone of high-amplitude reflections
is offset to the southeast of the seep location, and is underlain by a pronounced
blank zone (Figure 5.5).
5.3.5 Kakapo
ParasoundTM lines through Kakapo exhibit a patch of high-amplitude reflections
near the seafloor, underlain by a thin low-amplitude zone, underlain by the same
80 CHAPTER 5. PARASOUND
Figure 5.3: Bathymetric map showing the location of the five key ParasoundTM
lines through the seep sites. The red polygon marks the lateral extent of the
blanked zone beneath Kea, Kaka and Kakapo at 25 ms TWT (see Figures 5.4, 5.5
and 5.6). The white polygon marks the lateral extent of the high-amplitude band
beneath Kaka and Kakapo (see Figures 5.5 and 5.6).
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extensive zone of high-amplitude reflections observed beneath Kaka. Like at
Kaka, this zone of high-amplitude reflections is underlain by a pronounced blanked
zone (Figure 5.6).
5.3.6 Moa Reef
Through Moa Reef, ParasoundTM lines reveal diffractions/side reflections above
a localised patch of high-amplitude reflections at the seafloor and in the shallow
subsurface. Below this patch of high-amplitude reflections, not much signal is
returned (Figure 5.4).
5.3.7 Blanked zone beneath Kea, Kaka and Kakapo
The blanked zone beneath Kea, Kaka and Kakapo has been mapped to its full
extent at 25 ms TWT below the seafloor reflection on all available ParasoundTM
lines. Its spatial extent is shown in Figure 5.3. The extent of the blanked zone in
map view is greatest where the seep sites are centred and narrows in the regions
between the seeps. A distinctive feature of the blanked zone is that coherent
reflections from sediment horizons abruptly disappear in the blanked zone.
5.3.8 Zone of high-amplitude reflections beneath Kaka and Kakapo
The map-view extent of the high-amplitude reflection zone beneath Kaka and
Kakapo is also shown in Figure 5.3. The feature is centred below the Kakapo
seep and extends westward, to the south of the centre of seepage at Kaka. This
feature is characterised by a zone of many individual high-amplitude reflections,
that together create a distinctive high-amplitude feature in the ParasoundTM sec-
tions (Figure 5.5). The top of this high-amplitude zone lies approximately 10 m
below the seafloor and has a vertical thickness ranging from 5–10 m, assuming a
velocity of 1500 m/s in the near-seafloor sediments. It is very similar in character
and spatial extent to the zone of high-amplitude reflections directly beneath the
seafloor at Bear’s Paw described above.
Chapter 6
Comparison of datasets
6.1 Summary of results
This chapter draws together the results of Chapters 3, 4 and 5. An overview of the
results presented in these three chapters is provided first in this section for each
seep site and includes a summary of the main observations at each seep site in
Table 6.1. Section 6.2 then discusses the implications of these results in relation to
authigenic carbonate build-ups at the seeps, subsurface gas distribution and fluid
migration pathways, subsurface gas hydrates and the chronology of seepage at
Omakere Ridge.
6.1.1 Bear’s Paw
In contrast to the high seafloor seismic reflection coefficient of the other seep sites,
Bear’s Paw is characterised by a region of low reflection coefficient patches, with
values similar to or lower than the surrounding seafloor. Some high reflection
coefficient patches do exist towards the eastern end of the feature (Figure 6.1).
This seep site appears as a region of high sonar backscatter intensity compared
to the surrounding seafloor, which is elongate in an E–W direction. The region
of high sonar backscatter at Bear’s paw is approximately 600 m long and 400 m
wide at its widest point (Figure 6.1). The maximum sonar backscatter intensity
values reached at Bear’s Paw are lower than the maximum values reached at all
the other seeps. The seafloor at Bear’s Paw is characterised by low seismic sim-
ilarity over the same region that exhibits low reflection coefficient and elevated
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sonar backscatter (Figure 6.1). In the ParasoundTM data, Bear’s Paw is underlain
by a laterally-extensive and vertically-thick (up to 10 m) zone of high-amplitude
reflections. Individual reflections within this high-amplitude zone are not later-
ally continuous. Rather, this zone appears to be comprised of a vast number of
individual, separate reflections within a wider zone of distinct lateral and vertical
extent (see Figure 5.5 in Chapter 5). The preliminary 3D seismic inline through
Bear’s Paw reveals a narrow vertical zone of disturbed reflectivity below the seep.
The bottom of this disturbed zone is not visible, as it continues to the depth where
the amplitude of the returned signal is too low to detect reflections. Shallow re-
flection horizons beneath Bear’s Paw and further to the west are truncated and
vertically offset by extensional faults (see Figure 3.15 in Chapter 3).
6.1.2 Kea
Kea appears as a reasonably continuous high reflection coefficient feature with
some irregularities, and is elongate in a WNW–ESE direction. The reflection co-
efficient is highest towards southwestern end of the feature (Figure 6.1). This
seep is characterised by a region of high sonar backscatter intensity compared
to the surrounding seafloor. This region of high backscatter intensity has a very
well-defined elongate shape, with the elongation oriented in a WNW–ESE direc-
tion and the highest backscatter intensity occurring in a continuous patch at the
northwestern end of the feature (Figure 6.1). Kea exhibits low seismic similarity,
elongate in a WNW–ESE orientation over the same region that exhibits anoma-
lous seafloor seismic reflection coefficient and high sonar backscatter intensity
(Figure 6.1). In the ParasoundTM data, Kea is characterised by a localised high-
amplitude patch near the seafloor. This small high-amplitude patch is underlain
by a distinctive blanked zone (Figure 5.4 in Chapter 5). The preliminary 3D seis-
mic inline selected through Kea reveals a narrow vertical zone of anomalous re-
flectivity below the seep site, which extends down into a zone of high-amplitude
reflections deeper in the subsurface. This zone of deep high-amplitude reflections
has an antiformal shape and is directly overlain by a zone of low amplitude re-
sponse (see Figure 3.14 in Chapter 3).
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Figure 6.2: Sonar backscatter draped over bathymetry showing the location of
the five key ParasoundTM lines through the seep sites. The red polygon marks
the lateral extent of the blanked zone beneath Kea, Kaka and Kakapo at 25 ms
TWT (see Figures 5.4, 5.5 and 5.6 in Chapter 5). The white polygon marks the lat-
eral extent of the high-amplitude reflection zone beneath Kaka and Kakapo (see
Figures 5.5 and 5.6 in Chapter 5). These two features were mapped on all avail-
able ParasoundTM lines. The white cross marks the location where gas hydrates
were recovered at a depth of 1 m below the seafloor in 2007 (Bialas et al., 2007).
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Figure 6.3: Seismic reflection coefficient draped over bathymetry showing the
location of the five key ParasoundTM lines through the seep sites. The red and
white polygons and the cross are as described in Figure 6.2.
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6.1.3 Kaka
Kaka is manifest as a region of irregular high-reflection coefficient patches with
an overall elongation in a WNW–ESE direction in the 3D seismic data. The high-
reflection coefficient patches are of highest amplitude towards the centre of the
feature, where they are accompanied by conspicuous low amplitude patches (Fig-
ure 6.1). The seafloor at Kaka exhibits high sonar backscatter intensity compared
to the surrounding seafloor. Like Kea, the region of high backscatter intensity at
Kaka is elongate in a WNW–ESE direction. The centre of Kaka exhibits higher
backscatter than the west-northwest and east-southeast ends of the feature (Fig-
ure 6.1). Kaka is characterised by low seismic similarity elongate in a WNW–ESE
orientation over the same region that exhibits anomalous seafloor seismic reflec-
tion coefficient and high sonar backscatter intensity (Figure 6.1). Kaka is charac-
terised by some diffractions/side reflections above higher-amplitude reflections
close to the seafloor in the ParasoundTM data. These high-amplitude reflections
are underlain by a thin low-amplitude zone, which is underlain by a much larger,
more continuous high-amplitude feature, offset to the southeast of the seep loca-
tion. This larger, deeper high-amplitude feature is underlain by a pronounced
blanked zone (see Figure 5.4 in Chapter 5). The preliminary 3D seismic inline
selected through Kaka reveals a narrow vertical zone of anomalous reflectivity
below the seep site, which extends down into a zone of high-amplitude reflec-
tions deeper in the subsurface. This zone of deep high-amplitude reflections is
similar in character to the one beneath Kea described above (see Figure 3.15 in
Chapter 3).
6.1.4 Kakapo
Kakapo is characterised by patches of high reflection coefficient interspersed with
patches of low reflection coefficient. Like Kea and Kaka, this heterogeneous zone
of anomalous reflectivity is elongate in a WNW–ESE orientation (Figure 6.1). This
seep is characterised by a region of high sonar backscatter intensity compared to
the surrounding seafloor. As at Kea and Kaka, this region of high backscatter
intensity is elongate in a WNW–ESE direction and backscatter is highest at the
centre of the feature (Figure 6.1). Kakapo is characterised by low seafloor seis-
mic similarity, elongate in a WNW–ESE orientation over the same region that ex-
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hibits anomalous seafloor seismic reflection coefficient and high sonar backscat-
ter intensity (Figure 6.1). In the ParasoundTM data, Kakapo exhibits a patch of
high-amplitude reflections near the seafloor, underlain by a thin low amplitude
zone, underlain by the more extensive zone of high-amplitude reflections that is
also observed beneath Kaka. This high amplitude feature is underlain by a pro-
nounced blanked zone (see Figure 5.6 in Chapter 5). The preliminary 3D seismic
inline selected through Kakapo reveals a narrow vertical zone of anomalous re-
flectivity below the seep site, which extends down into a zone of high-amplitude
reflections deeper in the subsurface. This zone of deep high-amplitude reflec-
tions has an antiformal shape and is directly overlain by a zone of low amplitude
response, as was observed beneath the Kea and Kaka seeps (see Figure 3.16 in
Chapter 3).
6.1.5 Moa Reef
Moa Reef is characterised by a broad, relatively continuous zone of very high
seafloor reflection coefficient, elongate in a SW–NE direction (Figure 6.1). Seafloor
seismic reflection coefficient values at Moa reach levels higher than at any of the
other seep sites. The region of high seafloor reflection coefficient coincides with a
broad, continuous region of high sonar backscatter intensity compared to the sur-
rounding seafloor (Figure 6.1). This region of high reflection coefficient and high
backscatter intensity is also characterised by low seismic similarity (Figure 6.1).
In the ParasoundTM data, Moa Reef is characterised by diffractions/side reflec-
tions above more coherent high-amplitude reflections at and beneath the seafloor.
Below these high-amplitude reflections, not much signal is returned (see Figure
5.4 in Chapter 5). The preliminary 3D seismic inline through Moa Reef reveals a
narrow vertical zone of disturbed reflectivity beneath this site. The bottom of this
disturbed zone is not visible, as it continues to the depth where the amplitude of
the returned signal is too low to detect reflections. To the west of Moa, shallow
reflection horizons are truncated and vertically offset by extensional faults (see
Figure 3.14 in Chapter 3).
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6.2 Discussion
6.2.1 Bear’s Paw
The extensive zone of high-amplitude reflections in the ParasoundTM data ex-
tending from the seafloor to a depth of up to 10 m could be explained by any of
three hypotheses: 1) a patchy distribution of gas in the sediments; 2) the pres-
ence of centimetre-scale bands of nodular carbonates throughout the sediment
column; or 3) a patchy distribution of gas hydrates. Each of these hypotheses are
geologically reasonable: methane is known to be actively seeping into the wa-
ter column at Bear’s Paw (Faure et al., 2010; Jones et al., 2010), nodular carbonates
and carbonates with very large pore spaces were recovered from the seafloor at
Omakere Ridge seep sites (Campbell et al., 2010) and gas hydrates were recovered
from Bear’s Paw at 1 m depth (Bialas et al., 2007).
The elevated sonar backscatter intensity at Bear’s Paw could be caused by ei-
ther of the following scenarios: 1) seafloor roughness at the sonar wavelength
scale (12.5 cm); or 2) high seafloor acoustic impedance. However, sonar backscat-
ter at Bear’s Paw does not reach the same high values of Kea and Moa. Even the
maximum sonar backscatter intensities at Kaka and Kakapo are slightly higher
than the maximum values at Bear’s Paw. The fact that seismic similarity at Bear’s
Paw is as low as at Moa Reef, and lower than at Kea, Kaka and Kakapo indicates
that the seafloor at Bear’s Paw is at least as rough as at the other seep sites on the
seismic CDP scale (6.25 m). Assuming that seismic similarity at the 6.25 m scale
is also some indication of the relative seafloor roughness of the seep sites at the
sonar wavelength scale, the lower sonar backscatter intensity at Bear’s Paw com-
pared to the other seep sites is best explained by low seafloor acoustic impedance
caused by high gas concentrations in the near-seafloor sediments.
Using the geological hypotheses presented above to explain the features ob-
served in the ParasoundTM, sonar backscatter and 3D seismic similarity datasets
as guidelines, the low seafloor acoustic impedance observed in the 3D seismic
dataset is consistent with the following scenarios: 1) high gas concentrations in
the near-seafloor sediments; 2) a lack of indurated carbonates thicker than one
quarter of the seismic wavelength ( 6–7 m); and 3) a patchy distribution of gas
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hydrates in the shallow subsurface. In scenario 1, high gas concentrations would
lower the acoustic impedance of the near-seafloor sediments, which would in
turn lower the acoustic impedance contrast between seawater and the seafloor,
resulting in a reduction in reflection coefficient. Gas often increases the amplitude
of the seafloor reflection in soft sediments by causing a high negative impedance
contrast, but for indurated sediments such as those at Hikurangi Margin seep
sites, it has been shown that the impedance contrast decreases and stays positive,
leading to a low-amplitude reflection of positive polarity (e.g. Crutchley et al.,
2010). In scenarios 2 and 3, if the vertical extent of indurated carbonate struc-
tures/zone of uniform gas hydrate distribution is less than one quarter of the seis-
mic wavelength (in this case 6–7 m), destructive interference between reflections
from the top and base of the carbonate build-up will result in a low-amplitude
reflection and an apparent low reflection coefficient (Chopra and Marfurt, 2007).
Both centimetre-scale bands of nodular carbonates and centimetre-scale patches
of gas hydrates in the shallow subsurface of Bear’s Paw would not significantly
alter the bulk acoustic properties of the sediments at the seismic wavelength scale.
What the data suggest is that thick, indurated carbonate deposits are not
present at Bear’s Paw. If they were, then they would have shown up as high-
amplitude features in the 3D seismic data. Any carbonate deposits in the subsur-
face at Bear’s Paw must be such that they do not significantly increase the average
acoustic impedance of near-seafloor sediments on the seismic wavelength scale.
However, bands of nodular carbonates are large enough to cause high-amplitude
reflections in the higher-frequency ParasoundTM data. High gas concentrations
in the shallow subsurface at Bear’s Paw are consistent with all observations pre-
sented above and appear to be higher at Bear’s Paw than at any of the other
Omakere Ridge seeps. The presence of many discrete centimetre-scale patches of
gas hydrate in the sediments beneath Bear’s Paw is also consistent with all of the
observations presented above, following the same reasoning presented above for
the nodular carbonates hypothesis.
6.2.2 Kea, Kaka and Kakapo
High and relatively continuous seafloor seismic reflection coefficient and sonar
backscatter intensity at Kea are most likely the result of an extensive build-up of
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authigenic carbonate, at least 6–7 m in vertical thickness. At Kaka and Kakapo,
while the respective regions of elevated sonar backscatter intensity are also rel-
atively continuous, the seafloor seismic reflection coefficient is high only in a
number of much smaller patches. This suggests that the authigenic carbonate
thickness reaches 6–7 m only in a few localised patches within the overall seep
locations. Below this thickness, seismic reflection waveform interference would
reduce the amplitude of the returned waves (Chopra and Marfurt, 2007). The pres-
ence of more extensive carbonates at Kea suggests that methane seepage has been
occurring over a longer period of time here than at Kaka and Kakapo (cf. Judd and
Hovland, 2007). This supports the previously published suggestion that seepage
at Omakere Ridge has been migrating eastward over time (Jones et al., 2010).
The blanked zone in the ParasoundTM data beneath Kea, Kaka and Kakapo is
most likely caused by the presence of gas in the sediments, and represents the
migration pathway of gas to the seeps (e.g. Jones et al., 2010). The distinct linear
morphology of these three seep sites and their strike of approximately 30◦ to the
hypothesised local maximum principal stress direction suggest that the gas is mi-
grating vertically along strike-slip faults that are optimally oriented for reactiva-
tion in the local stress regime (e.g. Sibson, 1985) (Figure 6.4). It is known that such
optimally-oriented faults that are constantly reactivated act as permeability con-
duits (e.g. Hooper, 1991; Sibson and Scott, 1998), which explains the seepage along
such faults at Kea, Kaka and Kakapo. These faults may have formed through
hydraulic fracturing of a mudstone seal above a gas-charged sandstone once gas
pressure reached a critical level. The deep zone of high-amplitude reflections
associated with an antiformal structure observed in the preliminary 3D seismic
inlines may be caused by such a gas accumulation. Such hydraulic fractures may
have coalesced into strike-slip faults, with their current orientation owing to the
local stress regime. The lateral extent of the blanked zone in the ParasoundTM
data indicates that the gas has migrated laterally up to 300 m from the faults into
the surrounding sediments (Figures 6.2 and 6.3).
The extensive zone of high-amplitude reflections in the ParasoundTM data be-
neath Kaka and Kakapo could be explained by three possible scenarios: 1) the
presence of buried carbonates; 2) a patchy distribution of gas in the sediments; or
3) a patchy distribution of gas hydrates in the sediments. A deep accumulation
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of carbonates beneath Kaka and Kakapo could have been formed during a previ-
ous phase of seepage that has since ceased and the carbonates have subsequently
been buried by sedimentation. The lack of a deeper zone of high-amplitude re-
flections beneath Kea suggests one of the following three scenarios: 1) the absence
of a deeper accumulation of carbonates beneath Kea; 2) a different distribution of
gas in the sediments beneath Kea compared to that beneath Kaka and Kakapo; or
3) gas hydrates are not as abundant beneath Kea as they are beneath Kaka and
Kakapo.
6.2.3 Moa Reef
The extensive region of very high seafloor seismic reflection coefficient and sonar
backscatter intensity at Moa Reef is likely due to a laterally and vertically ex-
tensive accumulation of authigenic carbonate. This is consistent with previous
research: Jones et al. (2010) observed carbonates of higher relief at Moa Reef than
at any of the other seeps on Omakere Ridge. It is a safe assumption that authi-
genic carbonate has a higher acoustic impedance than the surrounding muddy
seafloor sediments. To produce such a continuous zone of high seafloor seismic
reflection coefficient, the carbonate build-up at Moa must be at least 6–7 m thick
over a broad area.
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Chapter 7
Conclusions
7.1 Summary
The three datasets that have been analysed in this thesis have proved suitable for
addressing the goals set out in Chapter 1, which are presented again here:
• to determine the extent of authigenic carbonate build-ups at the seep sites;
• to determine the distribution of gas in shallow sediments at the seep sites;
• to identify the shallow subsurface migration pathways of methane to the
seep sites;
• to determine the relative ages of the seep sites;
• and to determine seep initiation mechanisms.
The 3D seismic dataset has proved useful in determining the extent of thick
authigenic carbonate structures and the presence of gas in the top 25 m of sedi-
ment (seafloor reflection coefficient), and in determining the extent of any carbon-
ates on the seafloor (seismic similarity). Sonar backscatter data have been useful
in determining the extent of carbonates on the seafloor. The ParasoundTM sub-
bottom profiler data have provided a high-resolution picture of the distribution
of carbonates and gas in the subsurface, to a depth of up to 100 m. A prelimi-
nary interpretation of the deeper 3D seismic data has provided the first glimpse
into how the seeps are connected to deeper fluid migration pathways and how
the seeps may have formed. A summary of the interpretation flow applied to the
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3D seismic reflection coefficient, sonar backscatter intensity and ParasoundTM re-
flection characteristics is provided in Figure 7.1. Summaries of the findings of this
thesis in relation to each of the goals above are provided in the following sections.
These interpretations are based on the interpretation flow presented in Figure 7.1
and the deeper 3D seismic reflection characteristics (discussed in more detail in
Chapter 6). This Chapter concludes with proposed future research at Omakere
Ridge.
7.2 Distribution and nature of carbonates
The likely distribution and nature of authigenic carbonates in the top 50 m of
sediment at Omakere Ridge has been determined by comparing the 3D seismic,
multibeam sonar backscatter and ParasoundTM datasets. Areas of high seafloor
seismic reflection coefficient are indicative of indurated authigenic carbonate struc-
tures of at least 6–7 m thickness on the seafloor and in the shallow subsurface
down to 25 m (seismic wavelength). Carbonates of such thickness are most de-
veloped at Moa Reef, where a broad area of high seismic reflection coefficient
indicates a broad area of thick carbonates. A smaller, but still broad area of high
reflection coefficient at Kea indicates that thick carbonates are also present here.
Thick carbonates only exist in small patches at Kaka and Kakapo, and don’t ap-
pear to exist at all at Bear’s Paw. However, a zone of high-amplitude reflections
in the ParasoundTM data suggests that nodular carbonates may be present in the
sediments beneath Bear’s Paw down to a depth of up to 10 m. A zone of high-
amplitude reflections beneath Kaka and Kakapo of similar vertical and lateral ex-
tent, from 10–20 m beneath the seafloor, may indicate the presence of carbonates
at depth beneath these seeps.
7.3 Distribution of gas and migration pathways
Areas of low seismic reflection coefficient at Bear’s Paw, Kaka and Kakapo may
be caused in part by high concentrations of gas in the near-seafloor sediments
(as well as by the absence of thick build-ups of authigenic carbonate as discussed
above). If reflection coefficient is proportional to gas concentration, then Bear’s
Paw has the highest levels of gas in the near-seafloor sediments (consistent with
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Figure 7.1: Interpretation flow diagram summarising how the 3D seismic reflec-
tion coefficient, multibeam backscatter intensity and ParasoundTM reflection char-
acteristics have been interpreted. Datasets are in blue boxes, observations of these
datasets are written along the flow branches, and interpretations are given in the
yellow boxes.
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Faure et al., 2010; Jones et al., 2010), followed by Kaka and Kakapo, Kea and finally
Moa Reef. The fact that multibeam backscatter intensity at Bear’s Paw did not
reach values as high as those at any of the other seeps may also be indicative of
higher gas concentrations.
The methane migration pathways to the Kea, Kaka and Kakapo seeps have
been identified by the distinct blanked zone in the ParasoundTM data, which is
most likely caused by the presence of gas in the sediments. This blanked zone
has been imaged down to a depth of approximately 50 m in the ParasoundTM
data. The distinct linear alignment of carbonates on the seafloor as observed in
the sonar backscatter and 3D seismic data at each of these seeps suggests that
methane is migrating along faults that crop out at the seafloor. In this top 50 m of
sediment, gas appears to be prevalent up to a lateral distance of 200–300 m from
these faults, indicating that gas has migrated laterally from the faults into undis-
turbed sediment layers, or that these faults are associated with broader areas of
permeable fracture networks. Beneath and to the southeast of Bear’s Paw and
Moa Reef, an extensional fault network can be seen in the seismic sections. This
fault network likely plays an integral role in facilitating fluid migration to these
seeps.
7.4 Chronology of seepage
As discussed in Chapter 2, the extent of carbonate accumulations at a seep site is
related to the age of the seep. The more extensive the carbonate accumulation is,
the longer seepage has occurred at that location. Following this reasoning, Kea is
probably older than Kaka and Kakapo due to more extensive build-up of authi-
genic carbonates, as observed by the broader area of high reflection coefficient in
the 3D seismic data. Bear’s Paw is likely to be the youngest seep site on Omakere
Ridge, due to the least-developed carbonates as observed by the lowest seismic
reflection coefficient values in the 3D seismic data. Moa, with the broadest area of
high reflection coefficient in the 3D seismic data, indicative of the most extensive
build-up of carbonates out of all the Omakere Ridge seep sites, is most likely to be
the oldest seep site. This chronology of seepage is consistent with the hypothesis
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presented by Jones et al. (2010) based on the chemosynthetic faunal communities
at each of the seep sites. The hypothesised deeper accumulation of carbonates be-
neath Kaka and Kakapo, as discussed above, might be related to an earlier phase
of seepage in the area. These carbonates may have formed near the seafloor, such
as the carbonates currently in the shallow subsurface at Kea, Kaka and Kakapo,
and been subsequently buried by sedimentation.
7.5 Seepage initiation mechanisms
Initiation of seepage at Kea, Kaka and Kakapo appears to be related to an accu-
mulation of gas at depth, above which strike-slip faults, that act as conduits from
this reservoir to the seafloor, have formed. Each of these strike-slip faults crops
out at the seafloor at the Kea, Kaka and Kakapo seep sites respectively, with the
elongate distribution of carbonates at these three seeps owing to the linear nature
of the fault traces on the seafloor. These three faults have a strike of approxi-
mately 30◦ to the hypothesised maximum principal stress direction at Omakere
Ridge. The initiation of each of these faults may have been triggered by fractur-
ing of a sealing lithology over a gas accumulation at depth due to a build-up of
excessive pore fluid pressure. Their strike of 30◦ to the maximum principal stress
direction makes them optimally aligned for reactivation and therefore permeable,
enabling sustained seepage at the seafloor.
7.6 Proposed future research
The zone of high-amplitude reflections in the ParasoundTM data beneath Kaka
and Kakapo at 10–20 m depth should be investigated using the 3D seismic data.
The amplitude of any reflection related to this feature should determine whether
it is caused by small features in the sediments such as nodular carbonates (as has
been proposed for the shallower high-amplitude reflection zone beneath Bear’s
Paw described above), or thick, indurated carbonates such as those exposed on
the seafloor at Moa Reef and Kea, while the phase of the seismic reflection should
distinguish between gas (negative polarity reflection expected) and thick carbon-
ates/hydrates (positive polarity reflection expected).
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The only way to be sure of which geological phenomena are causing the fea-
tures observed in the geophysical datasets presented in this thesis is to drill and
core these features. The zones of high-amplitude reflections observed in the
ParasoundTM data beneath Bear’s Paw and the deeper zone of high-amplitude
reflections beneath Kaka and Kakapo provide interesting drilling targets, as they
could be caused by carbonates, gas hydrates or gas. Determining what is causing
these zones of high-amplitude reflections in the ParasoundTM data will increase
our knowledge of the seep system at Omakere Ridge, as well as improve our
ability to relate these features observed in ParasoundTM data to geological phe-
nomena. Proposed drilling sites and depths targeting the high-amplitude zones
beneath Bear’s Paw and Kaka and Kakapo are presented in Figure 7.2.
Geochemical analysis, stable carbon and oxygen isotope analysis (e.g. Camp-
bell et al., 2010) and U/Th dating (e.g. Liebetrau et al., 2010) of any carbonates
recovered in the cores from the proposed drilling sites will determine the geo-
chemical environment and chronology of formation of such buried carbonates.
Through the research proposed above, there is more that can be learned from
Omakere Ridge about the history of methane seepage on the Hikurangi Margin.
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Figure 7.2: Sonar backscatter draped over bathymetry showing the location of
two proposed drilling sites, targeting high-amplitude reflections observed in
ParasoundTM sub-bottom profiler sections (could be caused by buried carbon-
ates, gas, or gas hydrates). The white polygon marks the lateral extent of the
high-amplitude reflection zone beneath Kaka and Kakapo, and the red polygon
marks the lateral extent of the blanked zone at 25 ms TWT (see Figures 5.5 and
5.6 in Chapter 5). The white crosses mark the locations of the proposed drilling
sites, with coordinates as follows (NZ UTM Zone 60S Easting, Northing, Depth):
Bear’s Paw 569915.33, 5566005.14, 15 m; Kaka/Kakapo 568650, 5567900, 30 m.
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